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As global warming continues to rise, the pressure and growing demand for
sustainable animal production is increasing. Livestock naturally produce greenhouse gas
emissions through enteric fermentation. Dietary manipulation strategies have been sought
out to decrease emissions in ruminants using feed additives.
Two independent finishing feedlot experiments evaluated two types of biochar
and its effects on animal performance, carcass characteristics and greenhouse gas
emissions. Experiment 1 utilized pistachio shell biochar and experiment 2 utilized
biochar sourced from ponderosa pine wood waste, both types included at 1% of the diet
DM. The addition of biochar to the diet did not impact animal performance or carcass
characteristics in Exp. 1 and Exp 2. Methane and carbon dioxide emissions were
unaffected in Exp. 1 and Exp.2
Innovative technology can be used as a tool to assist in livestock management
decisions. Global positioning systems (GPS) has bridged the gap between the ability to
accurately locate livestock and obtain real time data. An experiment was conducted to
evaluate two GPS sensors. Yearling beef steers grazed a smooth bromegrass pasture

between April and September. For one month, steers were monitored using two GPS
collars to examine sensor functionality and data acquired. The sensors reported a 67.1%
and 89.9% data fix rate finding a significant difference (P ≤ 0.01). The 89.9% fix rate
sensor was chosen and continuously monitored livestock until grazing season ceased. On
average, cattle gained 0.65 kg/d and traveled 2,673 m/d. There was no correlation
between daily weight gain and distance traveled (P ≥ 0.76).
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CHAPTER 1 - LITERATURE REVIEW
Introduction
Global warming and its impact on environmental issues has been a controversial
topic the last few decades. Three main greenhouse gases (GHGs) of primary focus are
methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O). The entrapment of these
gases in the Earth’s atmosphere and prolonged breakdown are attributed to climate
temperature changes. Specifically, methane is an important greenhouse gas that has
shown a strong decadal climate impact (Stocker et al., 2013) with atmospheric
concentrations increasing 2.5 times since pre-industrial times (Hartmann et al., 2013).
Approximately two-thirds of GHGs are classified as anthropogenic and one-third as
natural (Nisbet et al., 2014). Livestock production is the largest anthropogenic category
in total global CH4. The global anthropogenic category, ruminants account for a 96%
contribution due to enteric fermentation (Chang et al., 2019). Among ruminants, cattle
naturally eructate CH4 and respire CO2 during ruminal fermentation, but it comes at an
energetic loss varying between 2-12% (Johnson and Johnson, 1995). To retain this lost
energy and reduce emission production, significant efforts have been made to mitigate
CH4 through different diet and management strategy combinations (Hristov et al., 2013).
Many factors can influence CH4 production such as dietary intake, type and
quality of diet, and feed additives. Specifically, a feed additive known as biochar has
been recent interest. It is a black, carbon rich product derived from organic materials
processed under pyrolysis conditions. The applications of biochar are vast and have been
implemented into the agricultural and environmental industries due to its porous nature,
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high surface area and chemical makeup. Within the last 10 years, biochar has been a feed
additive explored for its CH4 mitigation properties in beef cattle diets.
To understand mitigation of gaseous emissions in ruminants, it is important to
select the best type of measurement collection method. There are several forms of
emission collection measurements used in quantifying emission output, such as chambers
and internal gas tracers, which have been looked at as the standard of measurement
methods. A newer collection method under evaluation is prediction modeling using open
air pathway systems. It has been of popular interest for the approach to capture and
quantify emissions on the production level in a noninvasive way by combining air fluxes
and global positioning system (GPS) coordinates. Additionally, an increasing number of
producers have begun using GPS as a management tool to track livestock on native range
(Bailey, 2018). The location of livestock can provide useful information in understanding
pasture distribution, distance traveled, and grazing behaviors.
Regardless of diet strategy or measurement technique, it is advantageous for the
cattle industry to demonstrate CH4 and CO2 reduction without compromising
performance or additional input costs. The industry should strive towards a net zero
emission contribution. In conducting experimental studies addressing emitted GHGs, we
can further understand outputs contributed by ruminants by selecting the best type of
collection method, and how dietary manipulation affects these outputs.
A review of literature in Chapter 1 highlights various collection methods to
capture emissions, the impact of dietary feed ingredients on emission output, and ability
to locate livestock using GPS technology. In Chapter 2, two independent experiments
were conducted to evaluate biochar on enteric fermentation, performance, and carcass
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characteristics in high concentrate diets in beef cattle. Lastly, Chapter 3 discusses
tracking livestock using GPS technology as a resourceful grazing management tool.

Methane and Carbon Dioxide
Earth has sustained life due to the presence of certain gases able to trap radiation
wavelengths emitted from its surface (Mitchell, 1989). Without these gases, our planet
would be permanently frozen and uninhabitable. Greenhouse gases (GHG), such as
methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O) and water vapor trap heat in
the Earth’s atmosphere (Jeffry et al., 2021). This is more commonly known as the
“greenhouse” effect. In recent years, the concentrations of these gases have been steadily
on the rise causing climatic changes by potentially increasing atmospheric temperatures,
seawater levels and global warming. The accumulation of these gases is not only an
environmental concern, but also is in question from a human health perspective such as
air and water quality hazards (Mora et al., 2018).
Methane is the second largest contributor to the global carbon budget and has
been recognized to increase global warming approximately 0.5ºC between the years 1850
to 1900 (IPCC, 2021). With current projections, the world is likely to be warmer by 1 to
2ºC by 2030 (Moss et al., 2000). Between the years of 2008 and 2017, average global
CH4 emissions were estimated to be 576 Tg per year (Stavert et al., 2022). Of this total,
359 Tg CH4 was attributed to anthropogenic source emissions. These greenhouse gases
can be classified either as natural sources or anthropogenic sources. Natural emissions
refer to Earth’s natural cycles, while anthropogenic sources are emissions linked to direct
human activity.
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The United States total emissions in 2020 reported 5,981 million metric tons of
CO2 equivalent (USEPA, 2021). Specifically, carbon dioxide and methane accounted for
79% and 11% of those total GHGs emissions emitted as an anthropogenic source. These
sources include transportation, electrical power, heat production, agriculture and land use,
and industry. Much of agriculture’s CH4 contribution is attributed to livestock production
(Crippa et al., 2021).
The world’s population is estimated to reach 10 billion people by the year 2050
(Fess et al., 2011). This 45% increase in the world population has put pressure on the
agricultural industry to meet the growing demand for food and raw materials. Ruminants
are beneficial as they are exceptional at eating sources that cannot be consumed by
humans (cellulose) and converting them into high quality nutrients, such as milk and
meat (Wickersham and Sawyer, 2016). The downfall of beef production worldwide is it
produces 2.9 Mt of CO2 equivalent emissions per year, accounting for 44% worldwide
total greenhouse gas emissions (Troy et al., 2015). Although they are natural producers of
CH4 and CO2 through eructation from fermentation in the rumen as well as respired CO2,
the loss of methane from enteric fermentation is deemed unfavorable to the animal as it
comes at a gross energy intake (GEI) loss ranging from 2 to 12% (Johnson et al., 1994;
Johnson and Johnson, 1995). Many government policies have been implemented for
reducing GHG emissions. Now efforts are shifting towards animal husbandry methods on
reducing enteric CH4 from livestock production. Thus, within those mitigation strategies
it has been sought out to provide both environmental and animal efficiency benefits.
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Methanogens
Methanogens, methane producing microorganisms, belong to the kingdom
Archaea (Van Soest, 1982). They are said to be unique, being able to survive in some of
the harshest anaerobic environments found on Earth (Hook et al., 2010). Most
methanogens grow at a neutral pH ranging between 6 and 8 (Jones et al., 1987), and grow
in conditions with redox potentials below -300 mV (Stewart and Bryant, 1988). The
ability for methanogens to thrive under these circumstances is due to archaeal cell walls
lacking a peptidoglycan layer and the intracellular triacylglycerol is replaced by ether
linkages between glycerol and polyisoprenoid chains (Moss et al., 2000). Methanogens
have been found in oceans, rice fields, landfills, and heat vents, but this review will
primarily focus on the rumen in beef cattle.
There are 28 genera and 113 known species of methanogens found in nature.
Methanogens that have been isolated in the rumen are Methanomicrobium mobile,
Methanobacterium formicicum, Methanobacterium bryantii, Methanobrevibacter
ruminantium, Methanobrevibacter smithi, Methanosarcina barkeri, and Methanosarcina
mazai (Sirohi et al., 2010). Of these Methanobrevibacter ruminantium and
Methanosarcina barkeri have been found in quantities greater than 106 mL-1 suggesting it
plays a key role in ruminal methanogenesis. (Lovley et al., 1984).
Methanogen characteristics can vary between species (Hook et al., 2010). In
general, most methanogens can use energy sources of hydrogen and formate, turning CO2
into CH4 by using electrons originally from H2 and formate (Janssen and Kirs, 2008;
McAllister et al., 1994). Methanobacterium fornicicum and Methanobrevibacter
ruminantium are categorized in the same order utilizing the same substrates of hydrogen,
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CO2, and formate on producing CH4 (Balch et al., 1979). Although they use the same
substrates, they differ as Methanobacterium fornicicum has the shapes of rod or filament
without motility, while Methanobrevibacter ruminantium is rod shaped with motility.
Methanomicrobium mobile uses hydrogen, CO2, and formate as substrates with a motile
rod shape. Methanosarcina barkeri, and Methanosarcina mazai are two species with a
coccoid shape and no motility (Hook et al., 2010). Unlike other methanogens, M. barkeri
and M. mazai belong to the order of Methanosarcinales and are the only ones with
cytochromes (Borrel et al., 2013). Cytochromes are electron carriers aiding in the
oxidation of methyl groups to CO2 (Kühn et al., 1983). With the help of the cytochromes,
Methanosarcina barkeri can use substrates of hydrogen, CO2, acetate, methylamines, and
methanol to produce CH4, while Methanosarcina mazai can also use the same substrates
excluding hydrogen (H2) and CO2 (Hook et al., 2010). Thauer (2008) found that
methanogens have a greater growth yield of 7 g per mole of CH4 on hydrogen and CO2,
and greater doubling time when cytochromes are present. Methanogens without
cytochromes had only 3 g per mole of CH4 and a lesser amount of time.
All methanogens have multiple cofactors needed for normal function that are
specific to methane production. The primary main cofactors that have been identified are
coenzyme F420, coenzyme M (2-mercaptoethanesulfonate), coenzyme B (7mercaptoheptanoylthreonine phosphate), methanofuran, and 5,6,7,8
tetrahydromethanopterin (H4MPT) (Boadi et al., 2004; Deppenmeier et al., 2002; Hook et
al., 2010). Coenzyme F420 is necessary for enzyme hydrogenase and formate
dehydrogenation replacing ferredoxin in electron transfer. Coenzyme M is the methyl
transfer in the production of methane while coenzyme B is an oxygen-sensitive, heat-
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stable coenzyme used from coenzyme M in the enzymatic formation of CH4 (Boadi et al.,
2004).

Production of Enteric Methane
Methane is a colorless, odorless gas produced by ruminants, predominantly from
ruminal fermentation exhaled through the mouth and nose (89%) and hindgut
fermentation expelled via the anus (11%; Murray et al., 1976). Within the rumen, primary
digestive microorganisms (bacteria, fungi, protozoa) ferment organic matter such as
carbohydrates, lipids, and proteins producing amino acids and sugars. These products are
fermented into the form of volatile fatty acids: acetate, propionate, butyrate, CO2 and H2.
Ruminants absorb these volatile fatty acids utilizing them as a main source of energy.
During the process to volatile fatty acids, methane is a by-product formed. Propionate
acts as a hydrogen acceptor serving as a hydrogen sink (Beauchemin, 2009).
Additionally, in the presence of acetate and butyrate, hydrogens are released and used in
methane formation, known as methanogenesis.
There are three methanogenic pathways (Welander and Metcalf, 2005) grouped
by electron donors are as follows:
H2/CO2 hydrogenotrophic: CO2 + 4H2 → CH4 + 2H2O
Acetoclastic: CH3COOH → CO2 + CH4
Methylotrophic: CH3OH + H2 → CH4 + H2O
There are several electron donors including H2, formate, acetate, methanol,
methylamines and carbon monoxide. Regardless which pathway is taken, CO2 is the
electron acceptor (Kim and Gladd, 2008). The most common pathway is the H2/CO2
hydrogenotrophic pathway (Figure 1A) by the reduction of CO2 to CH4 using H2 as the
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electron donor (Boadi et al., 2004). Formate can also be used as an electron donor. The
hydrogenotrophic pathway is the most important methane-producing pathway present in
the rumen. Approximately 82% of methane synthesis in the rumen is derived from the
reduction of CO2 with H2 (Janssen and Kirs, 2008; Hook et al., 2010; Kittelmann et al.,
2013). The acetolactic methanogenesis pathway (Figure 1B) uses acetate that is converted
convert into acetyl Co-A. Then carbon monoxide dehydrogenase (CODH) is used to
cleave off the methyl and carbonyl group (Ferry et al., 2011). The remaining carbonyl
group is oxidized to CO2 providing electrons to reduce the methyl group to CH4. The
methylotrophic pathway (Figure 1C) is similar to the hydrogenotrophic pathway as it uses
the H2 the same way. It differs as it uses methyl groups such as methanol and
methylamines, reducing methanol after coenzyme M receives the methyl group
(Welander and Metcalf, 2005). In addition to these pathways, a new one has been
recognized (Figure 1D). This pathway involves the reduction of a methyl group to
coenzyme M using electrons derived from the oxidation of hydrogen, consequently
turning methanol to methane.
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Figure 1-1. The four pathways of methanogenesis: A) H2/CO2 hydrogenotrophic, B)
acetoclastic, C) methylotrophic, D) methyl reduction (Welander and Metcalf, 2005)
Methane formation is the final process of methane production. Methanogens are
only involved during this terminal step and play an important role in regulating gas
during fermentation (Boadi et al., 2004). Methanogens are excellent at utilizing H2 to
reduce CO2 to CH4 as previously described. The removal of hydrogen is crucial to
promote more complete oxidation of feed substrates and increase the recovery of energy
fermenting microorganisms (Sharp et al., 1998) while maintaining the partial pressure of
H2 in the rumen. This process is known as interspecies hydrogen transfer. Specifically,
methanogens and bacteria interact with each other in a mutualistic way with bacteria
limiting growth of H2 while methanogens can gain energy used for growth. Without
methanogens, organic matter would not be degraded efficiently in the rumen (McAllister
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et al., 1996). Although methane has no nutritional value, its production comes at a dietary
expense. One way to overcome this energy lost is through various diet manipulation
strategies.

Dietary Reduction/Mitigation Strategies
According to Hook et al. (2010), reduction and mitigation of enteric emission
production is effective in one of two ways: a direct effect on the methanogens or an
indirect effect caused by the impact of the strategy on substrate availability for
methanogenesis through an effect on other rumen microbes. An indirect effect commonly
used to decrease production of methane is a modification of the diet. Influential factors
include diet intake and quality, carbohydrate type and composition, rumen retention time,
ruminal fermentation rate, addition of feed additives, and alterations of the rumen
microbiome (Johnson and Johnson, 1995; Beauchemin, 2009; Hook et al., 2010).
Specifically, all these characteristics have an impact on level of feed, digestibility, and
subsequently volatile fatty acid profile.

Quantity of Feed Intake
The quantity of intake is used as an estimated measurement of methane
production and commonly expressed as grams per head/day or as a function of grams per
kilogram of DMI. Winders et al. (2020) evaluated growing steer emissions based on an
ad-libitum or limit-fed approach at 75% feed intake of ad libitum group. Limit fed cattle
produced 19% less CH4 (g/d) than compared to ad libitum steers, with no differences
between treatments expressed as CH4 g/kg DMI. A similar experiment conducted by
Beauchemin and McGinn (2006) evaluated level of intake in angus bred heifers fed either
a high barley forage diet versus a high corn concentrate diet. Cattle fed a restricted diet
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reduced CH4 expressed as g/d-1 (P < 0.002). The amount of CH4 produced is positively
correlated to the quantity of feed consumed (Blaxter and Clapperton, 1965; Shibata and
Terada, 2010). In both experiments, restricted intake cattle observed a decrease in
methane driven by feed consumption compared to ad libitum cattle.

Quality of Feed
The energy content of the diet often refers to digestibility of the carbohydrate.
Therefore, it is important to understand how diet composition can influence rate of
passage, rate of digestion, VFA (volatile fatty acid) profile, and pH in ruminants. Each of
these factors influence enteric methane production and will be further discussed in a
forage-based diet and concentrate based diet.
Concentrates
Dietary components have great impacts on methane production. Specifically, the
type of carbohydrate has the greatest influence on ruminal pH and presence of microbiota
(Hook et al., 2010). During the fermentation process, cell wall carbohydrates (fiber)
produce more CH4 than soluble sugars found in concentrates (Johnson et al. 1996)
yielding a higher acetate:propionate ratio (Johnson and Johnson, 1995). Increasing cell
wall fiber degradation increases acetate, in turn provides a methyl group used in
methanogenesis, ultimately resulting in greater CH4 loss. To combat these losses, it is
relevant to shift towards starch-based diets favoring the production of propionate over
acetate by limiting available H2 used in CH4 production. The correlation between the
percent of the diet considered concentrate and CH4 production is curvilinear (Suvant and
Giger-Reverdin, 2007). Martin et al. (2010) states 30-40% concentrate diets, CH4
production is approximately 6 to 7% gross energy intake (GEI) loss. The GEI
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significantly drops to 2 to 3% as the percentage of concentrate was raised to 80-90% in
the diet.
Blaxter and Clapperton (1965) found when ruminants are fed ad-libitum, ruminal
CH4 converted as a percent of GEI is reduced when diet digestibility increases.
Therefore, diet digestibility can be improved by increasing the proportion of fermentable
carbohydrates. In turn, a higher rate of digestion and passage, as well as lower ruminal
pH is to be expected (Hook et al., 2010). The increase in passage rate can shift ruminal
CH4 causing methanogenesis to occur in the hindgut. However, hindgut fermentation
produces CH4 in a small quantity, approximately 89% of methane production
predominantly comes from ruminal fermentation (Murray et al. 1976). It is also important
to be cognizant of increasing rapidly fermentable starches to coincide wtih a greater
quantity of volatile fatty acids (VFAs). If the quantity of VFAs exceeds the rumen’s
absorption capacity, the pH of the rumen will drop. Ruminal pH measured at 6 or below
can suppress methanogenesis by inhibiting the growth of methanogens and protozoa
(Hegarty, 1999). Consequently, a concentrate diet with no roughage can reduce methane
production but low pH conditions can induce acidosis. Although roughages are
energetically less efficient and produce more methane, they are needed in concentrate
diets to increase the rumen pH.
Forages
Methane production (expressed as CH4 g/kg DMI) is known to be higher in forage
diets in comparison to concentrate diets, but is variable depending on forage type,
inclusion, quality, and processing method (Beauchemin, 2009; Shibata and Terada,
2010). An important feed characteristic influencing the quantity of methane produced in
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the rumen is the quality of forage. (Boadi et al., 2004). A common measurement of
forage quality used is neutral detergent fiber (NDF) content. Feeds lower in fiber
compared to higher fiber feeds tend to decrease CH4 production (Johnson and Johnson,
1995; Shibata and Terada, 2010).
Ominski et al. (2006) assessed quality of forage in four alfalfa-grass silage diets, a
winter backgrounding phase in growing beef cattle. The NDF content varied from 46.6%
(high quality) to 60.8% (low quality) on a DM basis. Cattle that were fed lower quality
silage had a decrease in DMI and ADG (P < 0.01), but differences between NDF content
and production of CH4 were undetected. Throughout the winter-feeding period, cattle fed
the higher NDF silages lost 5.9% of GEI as CH4 compared to steers fed a lower NDF
silage at 5.1% GEI of CH4. This evidence suggests as an animal’s weight increases, their
ability to utilize low quality forages increases (Ominski et al., 2006). The decrease in GEI
loss is suggested as a function of increasing overall passage rate. Other researchers found
GEI lost as a percent of CH4 in forage diets ranging from 5.8% – 6.5% (Varga et al. 1985;
Beauchemin and McGinn, 2006).
Forage type can also influence methane production. A meta-analysis on forage
type was conducted by Archimède et al. (2011) investigating methane production in 22 in
vivo studies on ruminants fed either C3 or C4 grasses. The researchers found animals fed
C3 grasses produced 17% less CH4 /kg of OM intake. This is likely due to C3 grasses
containing a lower inclusion of NDF content.
Plant maturity can also dictate NDF content. As plants grow and mature, cells
undergo a process of lignification causing a reduction in digestibility (Himmelsback,
1993). Corn silage harvested at different stages of maturity were evaluated by Mc
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Geuogh et al. (2009). The authors reported the more advanced stage of maturity, the NDF
content decreased resulting in a decrease in CH4/kg DMI (P =0.05). The response is
likely attributed to a greater grain to forage ratio shifting acetate to propionate
production.
Processing forages, such as grinding or pelleting, can improve nutritional status
reducing CH4 losses upwards of 20-40% (Blaxter, 1989) by decreasing cell wall
digestibility, decreasing organic matter available in the rumen, and increasing passage
rate (Le Liboux and Peyraud, 1999).

Addition of Lipids
Traditionally, supplemental fat is an added feed ingredient to increase the energy
density of the diet. It has also been found as an effective strategy in lowering enteric CH4
in ruminants (Dohme, 2000). Increasing the lipid level in the diet has said to reduce
methanogenesis by multiple mechanisms such as: 1) limiting protozoa 2) shifting
production of acetate to propionate or 3) biohydrogenation of unsaturated fatty acids
(Johnson and Johnson, 1995). Biohydrogenation is a conversion of unsaturated fatty acids
into saturated fatty acids within the rumen. These unsaturated fatty acids may be acting as
hydrogen acceptors providing an alternative pathway for CO2 reduction (Johnson and
Johnson, 1995). Dohme et al. (2001) suggested the fatty acids bind to the cell membrane
hindering cellular transport directly inhibiting methanogenesis. A meta-analysis by
Eugène et al. (2008) evaluated effects of lipid supplementation on CH4 in 25 lactating
dairy cow diets. These authors reported a 9% reduction in CH4 (P < 0.05) expressed as
MJ d-1 and % GEI when lipids were included into the diet compared to control diets.
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Beauchemin, (2009) found for every 1% unit of lipids added into the diet, CH4 was
reduced up to 5.6% as g/kg DMI.
A common way to include lipids in the diet is through the addition of oils,
oilseeds, or animal fat. A meta-analysis by Patra (2013) found unsaturated fatty acids
(mono- and poly-) had an impact on CH4 (g/d; P < 0.05) compared to saturated fatty
acids. Sauer et al. (1998) evaluated unsaturated fat (6% soybean oil) compared to no fat
supplementation in a cow diet observing a decrease in CH4. The length of fatty acids can
also influence gas reductions. Using the RUSTIC technique, Dohme et al. (2000) found
medium-chain fatty acids (C6-C18) specifically palm oil, coconut oil and canola oil
reducing CH4 production by 34%, 21% and 20%, respectfully. Machmüller and Kreuzer
(1999) evaluated sheep fed coconut oil 3.5% and 7% dietary inclusions resulting in CH4
production was reduced by 28% and 73% (P < 0.01). Cell wall digestibility was also
reduced with increasing coconut inclusion in the diet. Exploring 4% canola oil
supplementation in a high concentrate diet beef cattle, Mathison (1998) observed a
decrease in CH4 by 33% also reducing digestibility. Both Hales et al. (2017) and Winders
et al. (2020) supplemented corn oil in finishing cattle diets evaluating CH4 production.
Hales et al. (2017) included corn oil at 0, 2, 4, and 6%, displacing the main concentrate of
dry-rolled corn. Methane (% GE) linearly declined as a function of increasing corn oil
supplementation with the 6% inclusion the greatest at 34%. Hales et al. (2017) did not
observe an impact on intake suggesting inclusion at 6% or less would not affect
performance. Comparable to Hales et al (2017), Winders et al. (2020) compared a
negative control diet and a 3% corn oil supplementation treatment diet. Results found

23

CH4 production (g/d) was reduced (P = 0.03) by 13% when corn oil was added to the
diet.
Although the addition of lipids reduces the production of CH4, it also can reduce
intake and fiber digestion and should be carefully evaluated. Following NASEM (2016)
guidelines, cattle should not be supplemented with lipids in excess 6% DM inclusion in
high concentrate diets to avoid negative impacts on growth and performance. Factors
such as diet composition and type of lipid should be considered on varying effects of
lipid supplementation.

Defaunation
Defaunation is the removal of protozoa within the rumen and has been a form of
treatment that has shown reduction in ruminal CH4 in as great as 20% to 50% (Boadi et
al., 2004). In a symbiotic relationship, rumen protozoa provide methanogens with H2 to
reduce CO2 to CH4 (Machmüller et al., 2003) and it has been estimated between 10% to
20% of methanogens could be attached to the protozoa (Stumm et al., 1982). By
decreasing the population of protozoa in the rumen, it could potentially influence a
reduction in protozoa related methanogens, therefore impacting lower enteric CH4
production (Hook et al., 2010). Through the elimination of these protozoa, (Finlay et al.,
1994) proposed ruminant production could also be increased. Using feed additives to
manipulate the diet has also been explored by providing less H2 for methanogenesis. Such
techniques include dietary manipulation, copper sulfate, surface-activated chemicals,
lipids, ionophores, tannins, and saponins (Hook et al., 2010; Broucek, 2018). Selecting to
use defaunation should be carefully considered. If defaunation is fully completed, it could
cause disruptions in digestion leading to negatively impacting livestock performance.
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Feed Additives
Ionophores
Ionophores are highly lipophilic antimicrobial substances that can shield and
delocalize charges of ions and facilitate their movement across membranes (Mathison et
al., 1998; Boadi et al., 2004). They are primarily used in dairy and beef cattle to increase
efficiency in milk and meat production (Beauchemin, 2009). Recently, the use of
ionophores have been evaluated for its methane reduction potential (Hristov et al., 2013).
Monensin is the most well-known and commonly studied ionophore used as a rumen
modifier in beef cattle diets. The use of monensin hinders methanogenesis by inhibiting
gram positive bacteria supplying substrates, such as hydrogens and carbon dioxide, to
methanogens. Instead, it selects gram-negative bacteria shifting the production of acetate
towards propionate in the rumen (Mathison et al., 1998). For this reason, it is suggested
monensin does not directly inhibit methanogens, but obstructs bacterial and protozoal
growth used to supply substrates for methanogenesis. (Bergen and Bates, 1984; Russell
and Strobel, 1989; Van Nevel and Demeyer, 1977).
Johnson and Johnson (1995) state methane reduction can range slightly to
upwards of 25% when monensin is added in the diet. Guan et al. (2006) assessed the
short and long-term relationship of ionophore supplementation and enteric methane
production. Yearling steers were fed a high concentration diet or low concentration diet
supplemented with monensin or lasalocid.
Authors observed a reduction in enteric CH4 expressed as L/kg of DMI. The high
concentrate diet reduced CH4 by 27% in the first 2 weeks, while the high forage diet
reduced CH4 by 30% in the first four weeks. Original methane levels were restored
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within 3 and 6 weeks respectively. Guan et al. (2006) hypothesized the change in
methane production corresponded to changes in microflora population, suggesting the
ability to adapt to ionophore supplementation over time. (Sauer et al., 1998) saw a similar
response postulating microflora adaptability to ionophores may be short lived.
An experiment conducted by (Odongo et al., 2007) investigated long-term effects
of ionophore supplementation in lactating dairy cows. The diet consisted primarily of
corn silage, haylage and high moisture corn. Methane was reduced by 7% (g/d) with
lasting effects observed for 6 months, showing no signs of microbe adaptation. In
agreement with previous work, monensin has shown to prolong reduction ranging from
40 to 240 days (Rogers 1997, Davies 1982) suggesting diet composition could influence
CH4 reductions. Ranga Niroshan Appuhamy et al. (2013) conducted a meta-analysis of
22 studies evaluating effects of monensin in beef and dairy cattle. Collectively, methane
was reduced by 19 g/d (P < 0.01) in beef cattle containing monensin compared to a 5.45.9% reduction in dairy cattle. Based on results, beef cattle had a greater response to
monensin supplementation, likely due to a greater acetate:propionate shift observed in
concentrate diets. Overall, the use of ionophores vary across cattle type and diet
composition. While it provides feeding efficiency benefits, according to NASEM (2016)
guidelines, the effects of feeding ionophores are transitory and not long lasting when used
as a methane reduction strategy.
Biochar
Biochar is defined as organic materials produced during pyrolysis resulting in a
solid rich carbonaceous product. The applications of biochar are vast, ranging from
power and heat, gas production, animal husbandry, soil properties in agriculture,
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construction material and medical field use (Weber and Quicker, 2018). The use of
biochar has been dated back to the early 1800s. It was first used in humans with
gastrointestinal disruption (Cooney, 2016). By consuming the porous compound, it was
said to remove hydrogens from carbon containing materials in the gastrointestinal tract,
ridding of toxic substances potentially absorbed in the body (Man et al., 2021). When fed
to livestock, biochar could also be used to ameliorate digestive dysfunction (O’Toole et
al., 2016). Biochar used as a soil additive has been well established for its ability to
remove soil pollutants improving soil quality (Hagemann et al., 2018). Within the last 10
years, biochar has been investigated as a methane reducing feed additive in ruminant
animals.
There are three types of carbonaceous matter known as charcoal, biochar, and
activated charcoal (Man et al., 2021). Pyrogenic carbonaceous material is produced by
means of thermochemical regulation containing organic carbon defined by Lehmann and
Joseph (2015). All refer to a carbon-rich biomass product that has undergone thermal
decomposition at elevated temperatures in the presence of partial or no oxygen. This
process is known as pyrolysis. While all similarly related, differences are found in raw
materials and processing methods, but are mainly distinguished by their application use.
The term charcoal refers to animal manure or plant biomass used for heating. Biochar
refers to the use of biomass specifically for soil application and environment
enhancement in agriculture. Biochar that is processed under high temperatures using
steam, CO2, or chemical compounds, such as potassium chloride or phosphoric acid is
often referred to as activated charcoal. Most often, all three terms have the same
recognition across industry and research.
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The physiological properties of biochar can be influenced by the type of raw
materials, processing conditions and temperature regulation. Biochar can be derived from
forestry waste, animal and agricultural waste and food industry remnants (Shakya and
Agarwal, 2017). Organic materials used for example, include wood-based products,
various nuts and shells, grass, leaves, bamboo, crop residue, rice straw, and animal
manure. The selection of materials used typically depend on location, but predominantly
wood-based products and agriculture remains regarded as waste are used due to low-cost
and abundant supply. The most influencing factor of biochar quality is temperature
regulation (Man et al., 2021). In an experiment by Sun et al. (2014), three types of
feedstock (hickory wood, bagasse, and bamboo) were evaluated under temperatures
ranging from 300ºC to 600ºC. The authors discovered regardless of starting material, as
the temperature increased, the carbon content and surface area increased. During the
thermal decomposition process, carbon skeletons remain intact, ultimately increasing
surface area and porous density with increasing heat. Biochar that is porous and possesses
a high surface area is desired for its ability to adsorb chemical compounds.
Feeding charcoal based products to livestock is not a new concept. It has been
explored using cattle, goats, poultry, swine, and fish as a growth enhancement. Numerous
experiments have shown biochar can increase weight gain and feed intake across various
species (Man et al., 2021) when added to daily feed intake ranging from 0.1% to 4% of
the diet (O’Toole et al., 2016). Silivong and Preston (2015) found goats supplemented a
with a woody-sourced biochar at 1.1% of the diet showed an 8.9% weight improvement
when compared to non-supplemented biochar goats. Weight gain was increased by 20.1%
in swine when biochar was included at 1% of the diet (Sivilai, Preston, Leng, Hang, and
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Linh, 2018). Leng (2012) fed biochar at 0.6% DM inclusion to cattle observing a 25%
improvement in weight gain, with a 96.6 kg ending BW for biochar cattle verses 94.3 kg
for the non-biochar fed cattle. In addition to improving animal growth responses, biochar
has been explored as a greenhouse gas reduction strategy, specifically in beef cattle.
Although biochar’s mode of action is not clearly defined, Leng et al. (2012b) have
conducted a series of experiments to better understand biochar’s theoretical mechanisms
on methane reduction. Theories include gas adsorption, increasing inert surface area, or
alterations of microbial community structure, all within the rumen. One suggested theory
hypothesizes biochar’s porous structure would be able to adsorb hydrogens, acting as a
H2 sink. It also has been suggested an alteration in the microbial community structure can
provide a more favorable habitat for feed degradation. Another theory states increasing
the inert surface area of the rumen gives methanotrophs optimal living conditions. This
mechanism has been of primary focus. A greater surface area can serve as a functional
site improving biofilm. Methanogens are found on the surface of biofilm acquiring H2
(Song et al., 2005). By increasing the surface area of the biofilm, a closer relationship
between methanogens and methanotrophs can lead to greater oxidation of methane (Leng
et al., 2012a).
There have been several in vitro studies evaluating biochar on methane
production. (Hansen et al., 2012) used rumen fluid from two grazing Jersey heifers with
daily supplemented grass silage. There were four different types of biochar used: straw,
wood, gasified, and activated. Each biochar was included at 9% DM in a totally mixed
ration. The biochar addition in the diet did not influence CH4 statistically, but overall
results showed a CH4 production decrease between 11% and 17%. Leng et al. (2012c)
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conducted an in vitro experiment examining rice husk biochar in a cassava root meal
substrate. The objective was to determine the effects of biochar exposed rumen fluid
versus biochar unexposed rumen fluid. The substrate included 70% cassava root meal,
26.5-28% cassava leaf meal, and 2% urea. Biochar was added at 1.5% DM of the diet.
The rumen fluid collected from steers was either exposed to biochar fed at 0.62% diet
DM or not previously exposed in their diet. Results found that biochar exposed rumen
fluid reduced CH4 (% of total gas) in comparison to nonexposed rumen fluid (P < 0.01).
There was a reduction in total CH4 gas for biochar added at 1.5% DM in combination
with biochar exposed rumen fluid decreasing CH4 by 12.5%. Biochar exposed rumen
fluid increased digestibility (P < 0.01) and when added at 1.5% DM to the substrate the
digestibility tended to increase (P = 0.09).
To evaluate the effects of biochar on CH4 production, Saleem et al., (2018) and
Teoh et al. (2019) both used the in vitro rumen artificial stimulation technique, also
known as RUSTIC. Saleem et al. (2018) used a basal diet of 60% barley silage, 27%
barley grain, 10% canola meal, and 3% supplement. Biochar was sourced from pine and
included at 0%, 0.5%, 1%, 2% substrate DM. As biochar levels increased in the diet, a
quadratic response (P ≤ 0.05) was observed for CH4 expressed as mg/d, g/g of DM
incubated, and g/g of DM digested. In comparison to the control, biochar diets produced
less CH4 (P < 0.02) as mg/d (89.6.5 vs. 110.8), g/kg of DM incubated (8.9 vs. 11.1), and
g/g of DM digested (11.87 vs. 15.2). In a similar manner Teoh et al. (2019) conducted a
study using a high concentrate diet unlike Saleem et al. (2019) who used a forage-based
diet. The basal diet consisted of a 35:35:30 blend of oat pasture, corn silage, and corn.
Hardwood sawdust biochar was dosed at 400 or 800 mg/d, or 3.6% and 7.2% of the
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substrate DM. The overall CH4 production was not affected by the addition of biochar,
although the dosage level at 800 mg/d tended to decrease compared to the 400 mg/d dose
(P = 0.10) expressed as a percentage of total CH4 gas. Saleem et al. reported biochar
dosed at 0.5% DM was statistically optimum for methane reduction, while Teoh et al.
(2019) observed a tendency at a much higher dosage of 7.2% DM. Therefore, daily
inclusion of biochar has been further investigated related to CH4 production.
Among discrepancies observed under in vitro conditions, it is relevant to continue
investigation of biochar’s methane reducing potential under in vivo conditions. There
have been several in vivo experiments exploring various types of biochar and optimum
inclusion level along with animal performance and carcass characteristics. To
complement the in vitro experiments, Leng et al. (2012a) fed a basal diet of cassava root
chips, fresh cassava foliage and biochar derived from rice husks to twelve “Yellow”
cattle in a 2×2 factorial design. Treatments included biochar at 0.62% of diet, no biochar,
or 6% potassium nitrate and urea at 1.83%, all on a diet dry matter inclusion. The
supplementation of biochar increased average daily gain (ADG) by 25% (P = 0.056) and
improved dry matter feed conversion (P = 0.031) resulting from an unaffected DMI. A
GASMET analyzer was used to record emissions at the conclusion of the experiment,
monitoring each animal for 5 minutes observing a 22% reduction in CH4 production.
The improved performance and reduction in CH4 could be attributed to biochar type and
processing, cattle breed, or diet composition, making it difficult to compare across
experiments.
Terry et al., (2020) evaluated the impact of yellow pine enhanced biochar on
growth performance, feeding behaviors and carcass quality in beef feedlot steers (n =
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160) fed a high forage (growing) diet transitioning to a high concentrate (finishing) diet.
A GrowSafe system was used on 8 pens (n = 16) to monitor feeding behaviors and
treatments included enhanced biochar at 0%, 0.5%, 1% and 2% DM. These authors found
no effect on DMI, final body weight, or feed efficiency over the course of both feeding
phases. Terry et al. (2019) and Winders et al. (2019) observed similar findings reporting
dry matter intake was not influenced in forage or concentrate diets. However, cattle
consuming diets containing 2% enhanced biochar had a tendency for decreased weight
and ADG (P ≥ 0.06). This could be attributed to displacing the diet with a lesser
digestible feed, such as the biochar (Terry et al., 2019). Carcass characteristics such as
hot carcass weight (HCW), dressing percentage, back fat, and ribeye area were not
impacted by biochar (P ≥ 0.26) although lean meat yield significantly increased (P =
0.03) in the 2% biochar fed cattle compared to all other treatments. Congruent with Terry
et al. (2020), Sperber et al. (2022) also observed a difference in yield grade (P = 0.02).
Both authors speculated biochar fed cattle having numerically less HCW and backfat
reflects lower yield grade values.
Winders et al. (2019) looked at optimum biochar inclusion and methane
production using growing and finishing cattle diets. The growing diet consisted of forage
ingredients of 21% brome hay, 20 % wheat straw, 30% corn silage and 22% wet distillers
grains plus solubles. The finishing diet was comprised of dry rolled corn (53%), corn
silage (15%), and wet distillers grains plus solubles (25%). Biochar was sourced from
wood-based substrates at 0%, 0.8% and 3% inclusion levels and incorporated into the
supplement (7%). Emissions were captured through indirect calorimetry using
headboxes. No methane production differences were found between treatments, however
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there was a tendency (P = 0.14) for a quadratic response in the 0.8% biochar cattle
treatment reducing methane (g/d) by 11%. While feeding biochar indicated reduction
potential, the experimental unit was limited (n = 6).
To further expand on Winders et al. (2019) findings, a follow-up study conducted
by Sperber et al. (2022) evaluated wood-sourced biochar’s impact using growing and
finishing cattle diets in a feedlot production setting. An indirect pen-scale calorimetry
barn was used to capture CH4 and CO2 emissions with biochar included at 1% of the diet
DM. Sperber et al. (2022) found dry matter intake (P < 0.01) was significantly reduced in
biochar fed cattle, with a tendency for decreased HCW. Sperber et al. (2022) also
measured reduced ADG, which closely reflects the finding by Terry et al. (2020).
Looking at monitored emissions, no differences in CH4 (g/d, g/kg of DMI) production
were found between cattle fed biochar or fed no biochar (P < 0.45) regardless of diet
composition during the growing and finishing phases.
In 8 multiparous beef cows consuming a high-forage diet (50% alfalfa haylage,
30% wheat straw, 17% corn silage), Conlin et al. (2021) explored optimum pine biochar
dosage (0%, 1%, 2% or 3% total DM). Individual intake was monitored using Insentec
(Insentec B.C., Marknesse, The Netherlands) bunks and gases were recorded using a CLock GreenFeed trailer (C-Lock Inc., Rapid City, SD, USA). Conlin et al. (2021) found
biochar to be ineffective in reducing enteric CH4 emissions. Performance measurements
including DMI, body weight and body condition score (BCS) were not impacted by
supplementing biochar in the diet. Based on their results from experiment 1, Conlin et al.
(2021) further investigated biochar in a second experiment utilizing 64 beef cows.
Biochar was included in the diet at 0% and 3% expected DM intake, as this inclusion
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demonstrated the lowest numerical CH4 emissions value expressed as grams per day in
experiment 1. Cows were supplemented biochar pellets daily while grazing on pasture.
Results were similar to experiment 1, indicating biochar supplementation did not impact
DMI or BCS in a positive or negative manner. Between the two treatments, enteric CH4
(g/d, g/kg DM, g/kg BW) was not found significantly different (P ≥ 0.35).
Despite these findings, Leng et al. (2012a) has been the only experiment to find
gas emissions significantly reduced in vivo, proving biochar could be used as a methane
mitigation feed additive. Other researchers have reported variable results on performance,
carcass traits, and emission production between experiments. These differences could be
attributed to diet composition and digestibility, biochar composition or breed of cattle.
For biochar to be a viable feed additive option, in vivo repeatability of emission reduction
need to be achieved.
Seaweed
Seaweed, also known as macroalgae, are macrophytes highly variable in species,
shape, chemical makeup, and pigmentation. There are approximately 12,000 species of
seaweeds, but only a select few have been of interest in animal feeding. Seaweed is a
viable option for livestock feed as they are comprised of micro-minerals, complex
carbohydrates, lipids, protein, tannins and bioactive secondary metabolites (Corona et al.,
2016; Khalil et al., 2017). These secondary metabolites are associated with
antimethanogenic properties (Abecia et al., 2012; Roque et al., 2019) potentially
suppressing methanogens by inhibiting methanogen population directly or reducing
substrates available to methanogens (Cieslak et al. 2013).
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The chemical composition of seaweed is dependent on species, habitat, and time
of harvest. Seaweed can be grouped into categories based on pigmentation: brown
(phaeophyta), green (chlorophyta) and red (rhodophyta), each differing in chemical
makeup and nutritional value. Molina-Alcaide et al. (2017) harvested seven species of
seaweed (3 brown, 3 red, 1 green) both in the spring and autumn seasons to access
nutrient composition in relation to harvest time. A total of 6 in vitro runs using ovine
rumen fluid were conducted, three for spring harvest and 3 for autumn harvest. Authors
observed nutrients varied between species, with red and green species having a greater
ash content and crude protein, while brown species had greater non-structural
carbohydrates with the least crude protein content. Both ash and crude protein content
were higher for the spring harvest. Differences in these parameters coincide with results
of Tayyab et al. (2016) indicating spring-collected seaweeds have higher nutritive value
compared to autumn harvest, possibly due to more sunlight availability favoring
photosynthesis.
Recent in vitro and in vivo studies in ruminants have characterized seaweed
effects and their potential of methane mitigation. Asparagopsis, a red species of seaweed,
has been of primary interest as some produce antimethanogenic halogenated metabolites
(bromine and chlorine) as a self-defense mechanism (Machado et al., 2014) and resulting
in methane reductions when fed to ruminants. Li et al. (2016) fed 29 Merino wethers a
high fiber pelleted diet during a 72-day period. Asparagopsis taxiformis was included in
the diet at levels of 0, 13, 26, 58, and 80 g/day. Sheep offered the various inclusions
observed similar body weights and average daily gain (P > 0.05) at the completion of the
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experiment. The overall CH4 emissions were significantly reduced by up to 80 % as the
inclusion of Asparagopsis increased in the diet (P < 0.05).
Roque et al. (2021) evaluated the effects of Asparagopis taxiformis on CH4
production, DMI, feed efficiency, and carcass characteristics. Twenty-one AngusHereford beef steers were assigned to one of three treatments: 0% (control), 0.25% (low)
and 0.5% (high) A. taxiformis inclusion on an OM intake. Steers were fed a starter (high
forage), transition and finisher (low forage) diet for 63, 21, 63 days, representing a typical
growing beef cattle nutrition program. The GreenFeed system (C-Lock, Inc., Rapid City,
SD) was used to capture emissions. Results show final BW and ADG were not hindered
by A. taxiformis inclusion. Dry matter intake linearly decreased as a function of animal
consumption attributed to a shift from gut fill to a chemostatic fill. Gas emissions had a
significant linear reduction in methane production from 51% to 75% for the low and high
treatments (P < 0.01). There was an interaction between diet formulation and CH4
production. Methane yield (g/kg DMI) for steers fed the high forage diet was reduced by
33% and 52% for the low and high inclusion. Similarly, methane yield had a significantly
greater reduction for cattle fed the low forage diet by 70% and 80% for the low and high
A. taxiformis inclusion. It has been hypothesized NDF content can influence methane
inhibitor efficacy. Vyas et a. (2018) showed greater reduction potential in high
concentrate, low NDF diets, which is congruent with Roque et al. (2021). Carcass
characteristics and meat quality parameters were unaffected and showed no differences
regardless of inclusion rate of A. taxiformis. Bromoform concentration was evaluated and
detected at low levels, 0.06 mg/kg. The bromoform concentration is the major active
ingredient in seaweed responsible for CH4 reduction. Consequently, the high levels of
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bromoform can be hazardous to human health, as it is a suspected carcinogen (Abbott et
al., 2020). Currently, the FDA has not approved the usage of seaweed as a feed additive.
There have been only 3 in vivo studies published using Asparagopis taxiformis in
ruminants. All experiments have shown A. taxiformis used as a feed additive has reduced
enteric CH4 emissions. The quantity of reduction is yet still variable in species and
dependent on inclusion, chemical composition, and diet formulation. A. taxiformis shows
great emission reduction potential and should be further studied in vivo production
scenarios.
3-Nitrooxypropanol
Another feed additive showing promise in methane reduction is 3nitrooxypropanol (3-NOP). It is a product manufactured by Royal DSM, more commonly
known by the trademark name Bovaer. The molecular shape of 3-NOP is a structural
analog of methyl coenzyme M. The principle of 3-NOP is to target the active site of
methyl coenzyme M reductase catalyzing the formation of methanogenic archaea during
the final step in methanogenesis (Duin et al., 2016).
Feeding 3-NOP has been immensely studied in dairy cattle. Hristov et al. (2015)
fed four inclusion rates of 3-NOP (0, 40, 60, 80 mg/kg DMI). During a 12-week period,
CH4 yield (g/kg DM) was reduced by 25%, 31%, and 32%. In a similar diet composition,
Haisan et al., (2017) dosed 0, 1250 or 2500 mg/day of 3-NOP in a TMR barley silage diet
reducing CH4 yield (g/kg DM) by 23% and 37%. Reynolds et al. (2014) dosed 0, 500 and
2500 mg/d in a corn silage diet. Methane yield was reduced by 6.6% and 9.8%
respectively, but marginally less than Hristov et al. (2015) and Haisan et al. (2017). This
could be partially attributed to the administration method. Reynolds (2014) used

37

cannulated animals dosing 3-NOP directly into the rumen while the previous two studies
incorporated it into the diet. Regardless, all three experiments observed had no negative
implications on dry matter intake, milk production and body weight gain in dairy beef
cattle.
Plant Compounds
There has been increasing curiosity using natural compounds to reduce enteric
fermentation, specifically enteric CH4 production in livestock. The three main plant
compounds of primary interest are tannins, saponins, and essential oils. The efficacy of
these compounds has demonstrated CH4 abatement in vitro, however results have varied
under in vivo conditions.
Condensed tannins (CT) are secondary plant metabolites with a high affinity for
plant protein (Beauchemin et al., 2009) theoretically increasing feed degradation, thus
improving protein utilization in the hindgut (Waghorn, 2008). Its mechanism as a
methane reducing product is not well established, but is thought to reduce H2 availability
limiting methanogenesis or influencing methanogen growth (Tavendale et al., 2005).
Using CT legumes Lotus pedunculatus (bird’s foot trefoil) and Medicago sativa
(lucerne), Tavendale et al. (2005) reported nearly a 30% reduction in CH4 yield but at the
expense of decreased dry matter digestibility. Tiemann et al. (2008) proposed CT could
cause negative effects on fiber digestion when CH4 was reduced. However, Hess et al.
(2006) saw a 13% CH4 reduction but while forage digestibility was unaffected in sheep
when consuming ryegrass, ryegrass with red clover, or ryegrass with alfalfa
supplemented with 0 or 25% g/kg dietary DM of Acacia mearnsii (CT 61.5%). Results
associated using CT as an emissions reductant tent to vary on type but can also be species
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dependent. Puchala et al. (2005) observed a substantial decrease in CH4 (g/kg DMI; P <
0.001) by goats fed Sericea lespedeza (177 g CT/kg DM) in comparison to tall
fescue/crabgrass mixture. In an experiment conducted by Stewart et al. (2019) heifers and
mature cows were fed different hays either containing tannins (birdsfoot trefoil, sainfoin,
small burnet) or not containing tannins (cicer milkvetch, meadow bromegrass, alfalfa).
Dry matter digestibility was the greatest for tannin containing birdsfoot trefoil, but alfalfa
was the greatest treatment overall (P < 0.008) although there were no differences among
treatments for CH4 emitted. In beef cattle, de Oliveira et al. (2007) evaluated the effects
of sorghum silages containing low (0.2 g/kg DM) or high concentrations (1.0 g/kg DM)
of CT. Results found the CT levels in silage did not affect methane production (g/day,
g/kg of DMI), but this could have partially been to neutralizing the CT levels during the
ensiling process.
Another plant compound used for its anitmethanogenic properties is saponins.
While saponins do not directly inhibit methanogens, it is speculated they alter the cell
wall permeability and limit H2 availability for methanogenesis (Guo et al., 2008).
Legume plants, such as kidney beans, soya beans, chickpeas and green beans contain low
concentrations of saponins (Honan et al., 2021). There have been limited experiments
verifying the effectiveness of CH4 reductions with saponins both in vitro and in vivo.
Holtshausen et al. (2009) conducted two experiments using Yucca schidigera (Mojave
yucca) or Quillaja saponaria (soapbark). In experiment 1, in vitro incubation was done in
a randomized complete block design using both saponins at 4 dosage inclusions
(0,15,30,45 g/kg) based on substrate DM. Both Y. schidigera and Q. saponaria lowered
methane production ranging from 6% to 26%, warranting further investigation using
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these products. In experiment two, cows were fed whole plant powered Y. schidigera and
Q. saponaria dosed at 10 g/kg DM. These dosage rates were selected at a lower rate
compared to the in vitro experiment to minimize any effects on digestibility. Although
there were no impacts on enteric CH4 in experiment 2, Holtshausen et al. (2009)
hypothesized the reduction from experiment 1 could have been attributed to less rumen
fermentation and feed degradation.
Essential oils are naturally occurring compounds found in many plants possessing
antimicrobial properties. Common types of essential oils include oregano, garlic,
lemongrass, cinnamon oil, to name a few. Similar to monensin, essential oils (EO) mode
of action inhibits gram positive bacteria suppressing methanogenesis by reducing H2
availability. Hristov et al. (2013) investigated the effects of Origanum vulgare (oregano)
leaves in rumen cannulated Holstein dairy cows. Treatments included 0, 250, 500, 750
g/d of oregano. Overall, inclusion of oregano leaves reduced CH4 production between 9%
and 36% (P = 0.08). Methane as a production per unit of DMI linearly decreased (P <
0.047) compared to the control reporting 18.2, 16.5, 11.7, 13.6 CH4 g/kg DMI. Oregano
linearly decreased DMI (28.3, 28.3, 27.5, 26.7 kg/d) however had no effect on milk yield,
respectively. Although emissions levels declined, feed efficiency was the greatest when
the diet included oregano leaves (P < 0.001) and linearly increased with increasing
oregano inclusion (P = 0.001). These authors speculated the EO observed had a decrease
in DMI and feed efficiency could be attributed to its pungent odor and unfavorable taste
making it a potentially undesirable additive to livestock diets. Other research conducted
in dairy cattle by supplementing oregano oil and carvarol (0.05 g/kg DM) did not produce
anitmethanogenic properties (Benchaar, 2020).
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Certain essential oils have been combined making a unique composition and
labeled as essential oil blends (EOB). Currently, there are two types of blended EOs on
the market. Agolin Ruminat (Agolin, Bière, Switzerland; AR) has shown a reduction in
CH4 intensity (g/kg ADG) up to 20% in lactating dairy cattle (Hart et al., 2019).
Supporting evidence (Elcoso et al., 2019) saw up to a 15% reduction in CH4 production.
Another blended product containing garlic and citrus extracts is called Mootral©.
(Ahmed et al., 2021) supplemented Mootral© at three concentration levels (0%, 10%,
20%) in 50:50 grass: concentrate blend using sheep rumen fluid using in vitro incubation.
Rumen fermentation was improved by increasing propionic acid (P < 0.01) with
increasing Mootral© dosage. Methane expressed as a percentage of volume was
decreased showing a 21.89% and 52.24% reduction in the 10% and 20% inclusions.
Roque et al. (2019) supplemented 1.58 g/kg DM of Mootral© in Angus x Herford crosses
observing a 23.3% CH4 yield reduction with no adverse effects on performance
parameters. Further research should be investigated using Mootral© to determine
optimum dosage and magnitude of emissions reduction demonstrating no negative
impacts on feeding performance and milk production.

Collection Methods for Quantifying Emissions
There are many viable options on quantifying gas emissions in ruminants on
multiple stages of production. The following collection methods are established
approaches used in current industry practices. Selecting the appropriate technique is
critical in measuring mitigation factors to ensure the highest degree of accuracy and
precision. There are many method options but not one specific method is superior in
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measuring CH4 in all situations. Each collection method will be discussed on application,
functionality, and advantages and disadvantages.

Respiration Calorimetry
Calorimeters have mainly been used to calculate energy balance measurements by
measuring gaseous exchanges, specifically methane. It is looked upon as the standard
collection method for its ability to estimate near total or total production of GHGs (Hill et
al., 2016). This method has been proven for accurate measurements in various types of
diets primarily focusing on capturing CH4 and CO2 production and consumed oxygen
(O2). Respiration calorimetry systems can be described as either an open-circuit or
closed-circuit system. In an open circuit system, air flow is monitored at a constant rate
using a negative air pressure system as air is monitored entering and exiting the
calorimeter. A closed-circuit system uses recycled air. After air has been sampled and
analyzed, it is stripped of vapors and gases then deemed viable to be reused (Judy, 2017).
By using air flow rates and concentrations of emitted gases of interest, the total volume of
gas production can be calculated, specifically CH4 and CO2. Energetics can be calculated
if O2 is measured.
Most common systems used are a fully enclosed respiration chamber or headbox
system both having the ability to accurately monitor a continuous period typically
between 1-3 days at one given time. The main difference between these two types of
methods is the chamber calorimeter can collect total gases while the headbox calorimeter
system is limited to only eructated and respired CH4 not including hindgut fermentation.
Although CH4 is created in the rumen and hindgut, the level of production between the
two pathways can differ (Pickering et al., 2013). A study conducted by Murray et al.
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(1976) in sheep consuming alfalfa found between the two paths of CH4 excretion, 23% of
CH4 occurred in the hindgut, while 89% post fermentation CH4 produced in the hindgut
is absorbed through the blood and excreted through the lungs (Murray et al., 1976). When
CH4 from the rumen and hindgut were combined, 97.5% of the total CH4 emissions came
from the lungs via exhalation or eructation.
On average cattle take 20-40 breaths per minute and eructate or burp every 1.5
minutes (Mortola and Lanthier, 2005). The concentration of CH4 in the breath is low
compared to a higher concentration in eructation (Koch et al., 2009). Due to the high
volume of intermittent eructation combined with normal respiration, sampling frequency
can be based on minutes rather than per second and averaged over time.
A main benefit of using this method is values are tangible with no interpreting or
extrapolating needed. It also provides the opportunity to measure diurnal pattens. Bell et
al. (2018) conducted a study using Holstein dairy cattle evaluating the diurnal pattern of
CH4 emission fed three forage diets varying in composition. Cattle were fed between
0700 and 0900 h. The lowest emissions were found prior to feeding between 0500 h and
0900 h. The greatest production of CH4 occurred after feed allocation from 1200 to 2000
h. indicating the time of feeding is correlated with gas production resulting in a diurnal
pattern response.
Although this type of measurement is deemed most accurate for measuring CH4,
it does have limitations. The construction and maintenance of chambers come at a large
expense along with gas analyzer equipment. It also hinders the ability to monitor many
animals at one given time. Using the chamber system can put stress on the animal due to
creating an artificial environment. Under these circumstances, animals have demonstrated
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different behaviors, such as a reduced DMI thus reduced emission production. Another
disadvantage is the ability for diet selection is limited with its incapability to evaluate
forage grazing environments.
In conclusion, respiration chambers are the gold standard for providing accuracy
in quantifying CH4 despite its limitations.

Sulfur hexafluoride tracer method
Emissions from Ruminants Using a Calibrated Tracer technique (ERUCT) can be
used as an emissions measurement method, specifically a commonly used method known
as the sulfur hexafluoride tracer method (SF6) developed by Johnson et al. (1994) using
an isotopic tracer gas. This method is used in pasture grazing systems which allows
individuals unrestricted motion and the ability for natural diet selection and controlled
level of intake.
Sulfur hexafluoride gas is placed inside a permeable tube and placed in a water
bath at 39ºC simulating the rumen and will remain in the bath until the gas is stabilized
and released at a constant rate. The tube is then placed inside of the rumen with an animal
fitted with a halter consisting of tubing placed in proximity to the muzzle along with a
gas collection canister. The SF6 tracer method is based on dilution rates making a key
assumption that SF6 and CH4 are similar. Sulfur hexafluoride gas is released into the
rumen and mixed with the gas of interest. As the animal eructates and respires CH4 and
the tracer gas, air is drawn through the tubing lines leading into an evacuated flask where
the sample is stored. Upon analysis, the flask is pressurized with nitrogen. Concentration
of these gases are determined through gas chromatography by release rate of the tracer
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gas and ratio of CH4:SF6. This methodology can be described in further detail by
(Johnson et al., 1994; McGinn et al., 2006; Lassey et al., 2011).
Several researchers have compared the SF6 tracer method against the standard of
respiration chambers. McGinn et al. (2006) conducted an experiment evaluating the
differences in gas production using the respiration chamber technique versus the SF6
technique in a high forage or high concentrate diet either ad libitum or restricted at 65%
of ad libitum. Results found when comparing the two techniques regardless of diet, the
SF6 tracer method had an average mean of 135g d-1 compared to the chamber technique at
142 g d-1. No statistical differences were found between techniques but the SF6 technique
estimated 4% lower values than that of the chamber technique. Similar results were found
by Johnson et al. (1994) using 55 tracer method measurements and 35 chamber
measurements detecting no significant differences (P > 0.10) between methods but
numerically a lower value of 11.6 ±3.7 L/h for the SF6 compared to the chamber at 12.9
±0.7 L/h. A reasonable explanation for results showing lower values in the SF6 method
can be attributed to not accounting for CH4 present in the hindgut. Methane can be
collected produced in the hindgut if it becomes absorbed through the blood and expired
but it cannot be collected if it is not absorbed and is released through flatulence by the
rectum.

GreenFeed System
A more recent method gaining popularity is a short-term measuring automatic
nutrient dispenser known as GreenFeed (GF) developed by C-Lock Inc. (Rapid City,
South Dakota). The system is an automated head-chamber system (AHCS). It is
comprised of multiple components: animal RFID (radio-frequency identification system),

45

feeding dispenser, air movement and measurements, gas tracing system, and data
software. A brief operational description is as follows. Animals are enticed with a bait
feed to voluntarily enter its head into the monitoring apparatus. Each animal is equipped
with an RFID tag for identification. Upon entrance of the AHCS, the RFID is scanned
corresponding to dispense the bait feed for the animal. Infrared sensors monitor the
position of the animal’s head within the hood. If not in the correct position, feed dispense
is not activated and monitoring of gases are considered not viable. The longevity of
monitoring per animal can range from 3-7 minutes with the goal to record multiple
animals’ numerous times a day (Hammond et al., 2015). The system can accommodate
and dispense different amounts and types of supplements along with the capabilities to
select desired animal frequency usage (Gunter et al., 2017). Once the bait is dispensed
and the animal is actively consuming feed, gas fluxes can be monitored. Using a negative
air pressure system, air is pulled away from the animal’s head. Using non-dispersive
infrared (NDIR) sensors, gas fluxes of methane, carbon dioxide, oxygen and hydrogen
can be measured then removed through an air exhaust. (Hammond et al., 2016; Hristov et
al, 2015)
The GreenFeed system’s portable design allows monitoring of livestock under
non-confined conditions. This flexibility allows for setup in range pastures but not
limited to small scale pens. The technology features also allow for changes remotely
through its data programming software. With the GF using short-term spot measurements
over several days, it is key to distribute the number of visits by an individual animal
throughout a 24-hour period. The GreenFeed relies on the willingness of animals to visit
the unit. Cattle that are not acclimated or properly trained can lead to insufficient number
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of visits increasing variation across time (Hammond et al., 2015). Peak methane
production occurs 60-120 minutes following feeding (Crompton et al., 2011). The system
does lack the in the ability to account for diurnal variation in comparison to the
respiration chamber or SF6 method and is to be considered when choosing a method.
With this system relatively new on the market, it is imperative to validate the
GreenFeed system against previous methods mentioned. An experiment conducted by
Jonker et al. (2016) compared the GreenFeed system to the use of a respiration chamber
and SF6 tracer gas. The objective was to determine the production of methane and carbon
dioxide between each gas measurement method. The experiment consisted of 8 beef
heifers with 5 monitoring periods on an alfalfa silage diet (14 d). It is not possible to test
more than one method at the same time. Furthermore, each method was assigned a certain
number of days within each feeding period. The average methane yields for the
respiration chamber (24.5 g/kg DMI), SF6 technique (22.8 g CH4/kg DMI) and
GreenFeed (26.2 g/kg DMI) were unaffected by DMI and feeding frequencies (P = 0.60).
Hammond et al. (2015) used dairy heifers to measure daily methane production
(DMP). Results within two experiments found DMP for the GF (198, 208), RC (215,
209) to be similar. Hammond (2015a) results state the GF underpredicted DMP when
compared to the SF6 used in a grazing trial. However, Dorich et al., (2015) reported
DMP was comparable using the GF and SF6 in lactating dairy cows 468 and 467 g/d,
respectively. Velazco et al. (2016) and Hristov et al. (2015) studies support using GF, RC
or SF6, can estimate similar DMP under various conditions.
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Eddy Covariance
The eddy covariance technique is a measurement taken and calculated based on
turbulent fluxes within atmospheric boundary layers (Aubinet et al., 2012). This
technique incorporates many factors such as wind, scalar atmospheric data, energy, gas,
momentum, all contributing to horizontal and homogenous surface and atmosphere
(Folken et al., 2012). Rarely the monitored boundaries are homogenous, presenting
challenges on determining the area of contribution. The defined area is called the
footprint. Schuepp et al., (1990) defined the footprint area as the effective wind source
area sensed by the observation. An advantage of using eddy covariance is the ability to
calculate emission fluxes without disrupting the ecosystem: livestock, vegetative growth
and soil properties. Recently, livestock animals have been used as the main point source
observation, specifically in grazing scenarios. Livestock graze a known area but distance
between each animal and the monitoring tower varies constantly. The known location of
each animal is crucial to accurately factor in the level of emission contribution within the
footprint. Global positioning systems (GPS) can be used to gain further knowledge in this
area with the ability to accurately locate livestock and will be discussed in further detail
as follows.

Application of Global Positioning System (GPS)
Background
Prior to modern day technology, navigational direction was based on stars in the
sky, such as the Pole Star and Sun. With the invention of global positioning systems
(GPS) the stars have been replaced by satellites as a navigational guide. Global
positioning systems were first created in the 1970s and 1980s (Crato, 2010) and released
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for public access in the early 2000s (Shen and Stopher, 2014). The system contains three
different elements: receivers, ground control stations and a network of satellites. The
system is overly complex but will be briefly described as follows.
Surrounding the Earth, satellites function as the central hub held at an absolute
known location. A ground control station interacts with the satellite calculating the
distance between the two. Receivers such as GPS sensors constantly measure distance
and signaling connections from the satellites. After verifying the distance between the
receiver and multiple satellites, GPS data including timestamp, latitude, and longitude are
generated. Because consecutive GPS data are received, the relative velocity representing
the GPS sensor’s movement can be calculated. The headed degree between two
consecutive GPS fixes can also be obtained in newer GPS sensors with built-in
accelerometer components.
Prior to GPS technology, researchers would visually appraise and record time and
location of livestock either by horseback or foot (Herbel and Nelson, 1966; Roath and
Krueger, 1982). Traditionally, these visual observations created observational errors by
potentially altering livestock behavior, were labor intensive, and quite challenging during
the nighttime (Agouridis et al., 2004). Most tracking length were considered short, at
one- or two-day periods. In the early 2000s, GPS became available for commercial use
and since has been used by researchers to track grazing livestock (Bailey et al., 2018).
However, the initial use of this technology was limited by cost, estimated at $1,500 to
$2,500 dollars per sensor and collar unit (Anderson et al., 2013), thus restricting the
quantity of livestock researchers were able to track. With expensive startup costs, many
efforts have been made to reduce expenses (Clark et al., 2006; Knight et al., 2018; Foley
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and Sillero-Zubiri, 2020). The reduction in price ultimately has expanded research using
GPS on a wider scale. Along with price reduction, the ability to track livestock for
extended periods of time and 24-hour continuous monitoring have all been major
improvements with evolving GPS technology.
Furthermore, GPS is known for recording a given location with future
implications directed as a resourceful management tool. Specifically, the use in extensive
livestock operations grazing rangeland. A vital component in making effective rangeland
management decisions is the ability to understand cattle grazing behavior. By definition,
Precision Livestock Farming (PLF) is individual animal management by continuous
monitoring (Berckmans, 2017). Using GPS as an integrative tool, Precision Livestock
Farming can bridge the gap between the use of technology and animal behavior leading
to better rangeland management decisions through various applications.

Precision Livestock Applications
The goal of precision livestock farming is to provide a real time monitoring
system to enhance livestock welfare and production, providing farmers and ranchers with
reliable information used to make management decisions (Berckmans, 2014). The
management of livestock on rangeland presents different obstacles and challenges than
intensive livestock operations (Bailey et al., 2018). Rangeland is generally areas of land
that receive low precipitation, possess subpar soil properties and rugged terrain, all
deterrents from row crop farming. Instead, it is often used for grazing livestock primarily
consisting of grasses, trees, and shrubs. These rangeland pastures vary in size and terrain
making it difficult to execute normal management practices, such as visual assessment
for location and health. Frequent examinations of all livestock can also be time
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consuming and sometimes impractical requiring additional labor. Using real time
monitoring, ranchers can address heath, parturition, and water accessibility, and other
applications such as pasture uniformity and grazing distributions.
Welfare and Health
Diurnal behavior can be monitored and predicted (Gregorini and Gregorini,
2012). For example, current animal behavior can be compared using diurnal patterns
from 1 week prior. If an animal becomes ill, stressed, or injured their behavior can
drastically change. Theurer et al. (2013) found calves that were exposed to disease
(Mannheimia haemolytica) spent less time near feed sources and more time lying than
unexposed calves using GPS tags and accelerometers. Animals that consume feed are
often assessed as good in health, while morbid animals will have reduced intakes and
movement (Hutcheson and Cole, 1986). To detect animal disease, behavior patterns
should be examined on an individual animal or group of animals under the same
management practices (Bailey et al., 2021).
Parturition
Parturition is considered a critical time in livestock production, especially on
rangeland. Dystocia is a large contributor to young livestock mortality (Berger et al.,
1992). The U.S. beef and dairy systems have experienced dystocia as high as 13.7%
(Mee, 2008). Often the mother and young pass away because of limited time and labor to
conduct daily assessments. The use of GPS tracking can potentially help managers
identify parturition and prevent dystocia related deaths. Ewes spend more time walking
and experience restless behavior prior to parturition, (Fogarty et al., 2020). However,
during parturition, Fogarty et al. (2021) found lambing ewes traveled less and
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experienced behavioral changes distancing themselves from their flock. Miller et al.
(2020) used accelerometers mounted on the tail heads of cattle to predict time of
parturition. These accelerometers recorded location but also tail pitch, which was used as
indication of beginning stages of parturition. Calcante et al. (2014) sutured sensor devices
(C6 birth control, Sisteck, Italy) to vulva lips of close calving dairy cows. The sensor is
activated by detecting fetal membranes. Once activated, it sends a detection signal to a
control receiver that translates a notification to management via text message with
corresponding time, location, and animal identification. The combination of GPS sensors
and accelerometers and using near real time observations can potentially predict
parturition and reduce the occurrence of dystocia.
Water source
The most important nutrient for livestock is water. Cattle may visit water sources
multiple times throughout the day (Williams et al., 2017). Animal behavior and reduced
performance can be altered when access to water is restricted. Cattle that are deprived of
water can lose up to 7% of their body weight in one day. During summer grazing months
cattle experiencing high temperatures and no water are only likely to survive up to 5 days
(Siebert and Macfarlane, 1975). Depending on weather and water storage, ranchers might
check water sources every few days. Sensors can be mounted onto water tanks to record
water levels (SCADALInk SAT110 livestock monitoring system, Calgary, AB, Canada).
Once the water level reaches a certain level, an alert is sent via email or text message.
Another approach to detect insufficient water is accessing the distance between livestock
and their water source. Cattle typically will graze close to water access varying in
distance of available forage estimated to at least 250 m away from a water source after
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drinking (Williams et al., 2017). Bailey et al. (2021) conducted a small study simulating
water failure. Cattle with water access drank and proceeded to graze at least 100 m from
the water source. When no water was present, cattle remained within 100 m of the water
source. Cattle observed at an extended period close to water could be an indication there
is inadequate water. With limited research, further investigation should be conducted to
evaluate distance and behavior using GPS technology as a tool to monitor water
availability.
Grazing Distribution
Livestock distribution is determined by diet selectivity (Müller et al., 2017).
Cattle will select highly digestible plants and plant parts exerting the least amount of
energy, avoiding areas with sharp slopes (Valentine, 1947) and areas of great distance
from water (González et al., 2014). Cattle prefer to graze gentle terrain of riparian areas
close to water (Bailey, 2004). In the western U.S., riparian areas only account for 1 to 2%
of rangeland pastures (Kauffman and Krueger, 1984) causing major concerns in uneven
grazing distributions. Areas experiencing higher grazing intensity can reduce plant
quality and vigor and increase soil erosion consequently, negatively impacting the
surrounding wildlife and habitat (Kauffman and Krueger, 1984). To increase grazing
uniformity, researchers are seeking out GPS technology to monitor grazing behaviors to
determine animal concentrations and make appropriate management decisions. Thus,
increasing grazing distributions not only improve pasture uniformity, it can potentially
increase stocking rates and profitability (Tanaka et al., 2007).
Grazing distribution can be measured in numerous ways but using GPS
technology is likely the most accurate and effective method in assessing livestock
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(Millward et al., 2020). As previously mentioned, cattle avoid steep terrain areas proven
using GPS locations. But often those areas are more barren with lower quality forages. A
grazing distribution practice using strategic supplementation may entice animals to graze
in these types of areas. Bailey and Jensen (2008) placed low-moisture blocks in a pasture
in areas of higher slope and rugged terrain. Within 600 m of these block sites, time spent
grazing these areas increased. If cattle more frequently graze less preferred areas, riparian
areas will receive less grazing pressure. In turn, higher pasture utilization occurs, and
stocking rates can potentially be increased.

Data Procurement
Low-cost GPS collars store on board (SOB) data, meaning data is stored directly
on the sensor. To obtain data, animals are gathering to remove the GPS collars. The SOB
data are not compatible for real time monitoring, only accessing the data after it has
occurred which can be time consuming and labor intensive. This is a major limitation to
remotely track livestock effectively and efficiently. With near or real time information,
GPS technology can be utilized by operations to locate livestock in relation to pasture
boundaries, accurately manage resources, and cut down labor costs by reducing time
spent checking cattle. It can also detect the amount of time animals spend grazing in
certain areas of pasture and further investigate its relationship with water availability and
forage quality.

Literature Review Conclusion
As the world’s population continues to grow, livestock production is challenged
to reduce its carbon footprint while continuously providing sustainable and high-quality
products. Cattle have been targeted for their contributions to the global emissions budget,
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as they eructate methane. While enteric fermentation and eructation is a natural process,
it is an energetic loss to the animal. To benefit the environment and enhance animal
efficiency, dietary mitigation strategies have been explored, including diet composition,
intake quantity, addition of lipids or ionophores and feed additives. Using feed additives
such a biochar, 3-NOP, seaweed and essential oils show promise at decreasing enteric
CH4 when incorporated into ruminant diets. In order to quantify emission output, the
proper collection method should be selected. Recently, a new noninvasive collection
method has been evaluated. One of the components in this method uses GPS technology.
In pasture grazing cattle, animal location is key and can be used as a grazing management
tool for various applications.

55

Literature cited
Abbott, D. W., I. M. Aasen, K. A. Beauchemin, F. Grondahl, R. Gruninger, M. Hayes, S.
Huws, D. A. Kenny, S. J. Krizsan, S. F. Kirwan, V. Lind, U. Meyer, M. Ramin, K.
Theodoridou, D. von Soosten, P. J. Walsh, S. Waters, and X. Xing. 2020. Seaweed
and Seaweed Bioactives for Mitigation of Enteric Methane: Challenges and
Opportunities. Animals. 10:2432. doi:10.3390/ani10122432.
Abecia, L., P. G. Toral, A. I. Martín-García, G. Martínez, N. W. Tomkins, E. MolinaAlcaide, C. J. Newbold, and D. R. Yáñez-Ruiz. 2012. Effect of
bromochloromethane on methane emission, rumen fermentation pattern, milk
yield, and fatty acid profile in lactating dairy goats. Journal of Dairy Science.
95:2027–2036. doi:10.3168/jds.2011-4831.
Agouridis, T. S. Stombaugh, S. R. Workman, B. K. Koostra, D. R. Edwards, and E. S.
Vanzant. 2004. SUITABILITY OF A GPS COLLAR FOR GRAZING STUDIES.
Transactions of the ASAE. 47:1321–1329. doi:10.13031/2013.16566.
Ahmed, E., R. Yano, M. Fujimori, D. Kand, M. Hanada, T. Nishida, and N. Fukuma.
2021. Impacts of Mootral on Methane Production, Rumen Fermentation, and
Microbial Community in an in vitro Study. Frontiers in Veterinary Science. 7.
Available from: https://www.frontiersin.org/articles/10.3389/fvets.2020.623817
Anderson, D. M., R. E. Estell, and A. F. Cibils. 2013. Spatiotemporal Cattle Data—A
Plea for Protocol Standardization. POS. 04:115–136. doi:10.4236/pos.2013.41012.
Archimède, H., M. Eugène, C. Marie Magdeleine, M. Boval, C. Martin, D. P. Morgavi,
P. Lecomte, and M. Doreau. 2011. Comparison of methane production between C3

56

and C4 grasses and legumes. Animal Feed Science and Technology. 166–167:59–
64. doi:10.1016/j.anifeedsci.2011.04.003.
Aubinet, M., T. Vesala, and D. Papale. 2012. Eddy Covariance: A Practical Guide to
Measurement and Data Analysis. Springer Science & Business Media.
Bailey, D. W. 2004. Management strategies for optimal grazing distribution and use of
arid rangelands1,2. Journal of Animal Science. 82:E147–E153.
doi:10.2527/2004.8213_supplE147x.
Bailey, D. W., and D. Jensen. 2008. Method of Supplementation May Affect Cattle
Grazing Patterns. Rangeland Ecology & Management. 61:131–135.
doi:10.2111/06-167.1.
Bailey, D. W., M. G. Trotter, C. W. Knight, and M. G. Thomas. 2018. Use of GPS
tracking collars and accelerometers for rangeland livestock production research1.
Transl Anim Sci. 2:81–88. doi:10.1093/tas/txx006.
Bailey, D. W., M. G. Trotter, C. Tobin, and M. G. Thomas. 2021. Opportunities to Apply
Precision Livestock Management on Rangelands. Frontiers in Sustainable Food
Systems. 5. Available from:
https://www.frontiersin.org/articles/10.3389/fsufs.2021.611915
Balch, W. E., G. E. Fox, and L. J. Magrum. 1979. Methanogens: reevaluation of a unique
biological group. Microbiol. Rev. 43(2):260-296.
Beauchemin, K. A. 2009. Dietary mitigation of enteric methane from cattle. CAB
Reviews. 4. doi:10.1079/PAVSNNR20094035. Available from:
http://www.cabi.org/cabreviews/review/20093276253

57

Beauchemin, K. A., and S. M. McGinn. 2006. Enteric methane emissions from growing
beef cattle as affected by diet and level of intake. Can. J. Anim. Sci. 86:401–408.
doi:10.4141/A06-021.
Bell, M. J., J. Craigon, N. Saunders, J. R. Goodman, and P. C. Garnsworthy. 2018. Does
the diurnal pattern of enteric methane emissions from dairy cows change over
time? animal. 12:2065–2070. doi:10.1017/S1751731118000228.
Benchaar, C. 2020. Feeding oregano oil and its main component carvacrol does not affect
ruminal fermentation, nutrient utilization, methane emissions, milk production, or
milk fatty acid composition of dairy cows. Journal of Dairy Science. 103:1516–
1527. doi:10.3168/jds.2019-17230.
Berckmans, D. 2017. General introduction to precision livestock farming. Animal
Frontiers. 7:6–11. doi:10.2527/af.2017.0102.
Berckmans, D. 2014. Precision livestock farming technologies for welfare management
in intensive livestock systems. Sci. Techn. Rev. Off. Int. Epizoot. 33, 189–196.
doi: 10.20506/rst.33.1.2273
Berger, P. J., A. C. Cubas, K. J. Koehler, and M. H. Healey. 1992. Factors affecting
dystocia and early calf mortality in Angus cows and heifers1. Journal of Animal
Science. 70:1775–1786. doi:10.2527/1992.7061775x.
Bergen, W. G., and D. B. Bates. 1984. Ionophores: Their Effect on Production Efficiency
and Mode of Action. Journal of Animal Science. 58:1465–1483.
doi:10.2527/jas1984.5861465x.
Blaxter, K. L. 1989. Energy Metabolism in Animals and Man. Cambridge University
Press, New York.

58

Blaxter, K. L., and J. L. Clapperton. 1965. Prediction of the amount of methane produced
by ruminants. Br J Nutr. 19:511–522. doi:10.1079/BJN19650046.
Boadi, D., C. Benchaar, J. Chiquette, and D. Massé. 2004. Mitigation strategies to reduce
enteric methane emissions from dairy cows: Update review. Can. J. Anim. Sci.
84:319–335. doi:10.4141/A03-109.
Borrel, G., P. W. O’Toole, H. M. B. Harris, P. Peyret, J.-F. Brugère, and S. Gribaldo.
2013. Phylogenomic Data Support a Seventh Order of Methylotrophic
Methanogens and Provide Insights into the Evolution of Methanogenesis. Genome
Biology and Evolution. 5:1769–1780. doi:10.1093/gbe/evt128.
Broucek, J. 2018. Options to methane production abatement in ruminants: A review. J.
Anim. Plant Sci, 28(2), 348-364.
Calcante, A., F. M. Tangorra, G. Marchesi, and M. Lazzari. 2014. A GPS/GSM based
birth alarm system for grazing cows. Computers and Electronics in Agriculture.
100:123–130. doi:10.1016/j.compag.2013.11.006.
Chang, J., S. Peng, P. Ciais, M. Saunois, S. R. S. Dangal, M. Herrero, P. Havlík, H. Tian,
and P. Bousquet. 2019. Revisiting enteric methane emissions from domestic
ruminants and their δ13CCH4 source signature. Nat Commun. 10:3420.
doi:10.1038/s41467-019-11066-3.
Cieslak, A., Szumacher-Strabel, M., Stochmal, A., & Oleszek, W. 2013. Plant
components with specific activities against rumen methanogens. Animal, 7(S2),
253-265. doi:10.1017/S1751731113000852.
Clark, P. E., D. E. Johnson, M. A. Kniep, P. Jermann, B. Huttash, A. Wood, M. Johnson,
C. McGillivan, and K. Titus. 2006. An Advanced, Low-Cost, GPS-Based Animal

59

Tracking System. Rangeland Ecology & Management. 59:334–340.
doi:10.2111/05-162R.1.
Conlin, E. 2021. Performance and environmental benefits from biochar supplementation
in beef cattle grazing systems. MS Diss. Univ. of Guelph, Guelph, ON, CAN.
Cooney, D. O. 2016. Activated Charcoal: Antidote, Remedy and Health Aid. TEACH
Services, Inc.
Crato, N. 2010. How GPS Works. In: N. Crato, editor. Figuring It Out: Entertaining
Encounters with Everyday Math. Springer, Berlin, Heidelberg. p. 49–52. Available
from: https://doi.org/10.1007/978-3-642-04833-3_12
Crippa, M., E. Solazzo, D. Guizzardi, F. Monforti-Ferrario, F. N. Tubiello, and A. Leip.
2021. Food systems are responsible for a third of global anthropogenic GHG
emissions. Nat Food. 2:198–209. doi:10.1038/s43016-021-00225-9.
Crompton, L. A., J. A. N. Mills, C. K. Reynolds, and J. France. 2011. Fluctuations in
methane emission in response to feeding pattern in lactating dairy cows. In: D.
Sauvant, J. Van Milgen, P. Faverdin, and N. Friggens, editors. Modelling nutrient
digestion and utilisation in farm animals. Academic Publishers, Wageningen. p.
176–180. Available from: https://doi.org/10.3920/978-90-8686-712-7_19
Davies, A., H. N. Nwaonu, G. Stanier, and F. T. Boyle. 1982. Properties of a novel series
of inhibitors of rumen methanogenesis: In vitro and in vivo experiments including
growth trials on 2,4-bis(trichlorometry)-benzo[1,3]dioxin-6-carboxylic acid. Br.
J.Nutr. 47:565–576.
Deppenmeier, U. 2002. The unique biochemistry of methanogenesis. Progress in Nucleic
Acid Research and Molec, Bio. 71:224-283.

60

Dohme, F., A. Machmüller, A. Wasserfallen, and M. Kreuzer. 2000. Comparative
efficiency of various fats rich in medium-chain fatty acids to suppress ruminal
methanogenesis as measured with RUSITEC. Can. J. Anim. Sci. 80:473–484.
doi:10.4141/A99-113.
Dohme, F., A. Machmüller, A. Wasserfallen, and M. Kreuzer. 2001. Ruminal
methanogenesis as influenced by individual fatty acids supplemented to complete
ruminant diets. Letters in Applied Microbiology. 32:47–51. doi:10.1111/j.1472765X.2001.00863.x.
Dorich, C. D., R. K. Varner, A. B. D. Pereira, R. Martineau, K. J. Soder, and A. F. Brito.
2015. Short communication: Use of a portable, automated, open-circuit gas
quantification system and the sulfur hexafluoride tracer technique for measuring
enteric methane emissions in Holstein cows fed ad libitum or restricted. Journal of
Dairy Science. 98:2676–2681. doi:10.3168/jds.2014-8348.

Duin E.C., T. Wagner, S. Shima, D. Prakash, B. Cronin, D.R.Yáñez-Ruiz, S. Duval, R.
Rumbeli, R.T. Stemmler, R.K. Thauer, and M. Kindermann. 2016. Mode of action
uncovered for the specific reduction of methane emissions from ruminants by the
small molecule 3-nitrooxypropanol. Proc. Natl. Acad. Sci. USA.113:6172-77.
Elcoso, G., B. Zweifel, and A. Bach. 2019. Effects of a blend of essential oils on milk
yield and feed efficiency of lactating dairy cows. Applied Animal Science.
35:304–311. doi:10.15232/aas.2018-01825.

61

Eugène, M., D. Massé, J. Chiquette, and C. Benchaar. 2008. Meta-analysis on the effects
of lipid supplementation on methane production in lactating dairy cows. Can. J.
Anim. Sci. 88:331–337. doi:10.4141/CJAS07112.
Ferry, J. G. 2011. Fundamentals of methanogenic pathways that are key to the
biomethanation of complex biomass. Current Opinion in Biotechnology. 22:351–
357. doi:10.1016/j.copbio.2011.04.011.
Fess, T. L., J. B. Kotcon, and V. A. Benedito. 2011. Crop Breeding for Low Input
Agriculture: A Sustainable Response to Feed a Growing World Population.
Sustainability. 3:1742–1772. doi:10.3390/su3101742.
Finlay, B. J., G. Esteban, K. J. Clarke, A. G. Williams, T. M. Embley, and R. P. Hirt.
1994. Some rumen ciliates have endosymbiotic methanogens. FEMS Microbiology
Letters. 117:157–161. doi:10.1111/j.1574-6968.1994.tb06758.x.
Fogarty, E. S., D. L. Swain, G. M. Cronin, L. E. Moraes, D. W. Bailey, and M. Trotter.
2021. Developing a Simulated Online Model That Integrates GNSS,
Accelerometer and Weather Data to Detect Parturition Events in Grazing Sheep: A
Machine Learning Approach. Animals. 11:303. doi:10.3390/ani11020303.
Fogarty, E. S., D. L. Swain, G. M. Cronin, L. E. Moraes, and M. Trotter. 2020. Can
accelerometer ear tags identify behavioural changes in sheep associated with
parturition? Animal Reproduction Science. 216:106345.
doi:10.1016/j.anireprosci.2020.106345.
Foley, C. J., and C. Sillero-Zubiri. 2020. Open-source, low-cost modular GPS collars for
monitoring and tracking wildlife. Methods in Ecology and Evolution. 11:553–558.
doi:10.1111/2041-210X.13369.

62

González, L. A., G. Bishop-Hurley, D. Henry, and E. Charmley. 2014. Wireless sensor
networks to study, monitor and manage cattle in grazing systems. Anim. Prod. Sci.
54:1687. doi:10.1071/AN14368.
Gregorini, P., and P. Gregorini. 2012. Diurnal grazing pattern: its physiological basis and
strategic management. Anim. Prod. Sci. 52:416–430. doi:10.1071/AN11250.
Guan, H., K. M. Wittenberg, K. H. Ominski, and D. O. Krause. 2006. Efficacy of
ionophores in cattle diets for mitigation of enteric methane1. Journal of Animal
Science. 84:1896–1906. doi:10.2527/jas.2005-652.
Gunter, S. A., S. E. Duke, and M. R. Beck. 2017. Measuring the respiratory gas exchange
of grazing cattle using the GreenFeed emissions monitoring system. Journal of
Animal Science. 95:359. doi:10.2527/asasann.2017.739.
Guo, Y. q., J.-X. Liu, Y. Lu, W. y. Zhu, S. e. Denman, and C. s. McSweeney. 2008.
Effect of tea saponin on methanogenesis, microbial community structure and
expression of mcrA gene, in cultures of rumen micro-organisms. Letters in
Applied Microbiology. 47:421–426. doi:10.1111/j.1472-765X.2008.02459.x.
Hagemann, N., K. Spokas, H.-P. Schmidt, R. Kägi, M. A. Böhler, and T. D. Bucheli.
2018. Activated Carbon, Biochar and Charcoal: Linkages and Synergies across
Pyrogenic Carbon’s ABCs. Water. 10:182. doi:10.3390/w10020182.
Haisan, J., Y. Sun, L. Guan, K. A. Beauchemin, A. Iwaasa, S. Duval, M. Kindermann, D.
R. Barreda, and M. Oba. 2017. The effects of feeding 3-nitrooxypropanol at two
doses on milk production, rumen fermentation, plasma metabolites, nutrient
digestibility, and methane emissions in lactating Holstein cows. Anim. Prod. Sci.
57:282. doi:10.1071/AN15219.

63

Hales, K. E., A. P. Foote, T. M. Brown-Brandl, and H. C. Freetly. 2017. The effects of
feeding increasing concentrations of corn oil on energy metabolism and nutrient
balance in finishing beef steers1. Journal of Animal Science. 95:939–948.
doi:10.2527/jas.2016.0902.
Hammond, K. J., D. J. Humphries, L. A. Crompton, C. Green, and C. K. Reynolds. 2015.
Methane emissions from cattle: Estimates from short-term measurements using a
GreenFeed system compared with measurements obtained using respiration
chambers or sulphur hexafluoride tracer. Animal Feed Science and Technology.
203:41–52. doi:10.1016/j.anifeedsci.2015.02.008.
Hammond, K. J., G. C. Waghorn, and R. S. Hegarty. 2016. The GreenFeed system for
measurement of enteric methane emission from cattle. Anim. Prod. Sci. 56:181.
doi:10.1071/AN15631.
Hansen, H. H., I. M. L. D. Storm, and A. M. Sell. 2012. Effect of biochar on in vitro
rumen methane production. Acta Agriculturae Scandinavica, Section A – Animal
Science. 62:305–309. doi:10.1080/09064702.2013.789548.
Hart, K. J., H. G. Jones, K. E. Waddams, H. J. Worgan, B. Zweifel, and C. J. Newbold.
2019. An Essential Oil Blend Decreases Methane Emissions and Increases Milk
Yield in Dairy Cows. Open Journal of Animal Sciences. 09:259.
doi:10.4236/ojas.2019.93022.
Hartmann, D.L., Tank, A.M.K., Rusticucci, M., Alexander, L.V., Brönnimann, S.,
Charabi, Y.A.R., Dentener, F.J., Dlugokencky, E.J., Easterling, D.R., Kaplan, A.
and Soden, B.J., 2013. Observations: atmosphere and surface. In Climate change

64

2013 the physical science basis: Working group I contribution to the fifth
assessment report of the intergovernmental panel on climate change (pp. 159-254).
Cambridge University Press.
Hegarty, R. S. 1999. Reducing rumen methane emissions through elimination of rumen
protozoa. Aust. J. Agric. Res. 50:1321–1328. doi:10.1071/ar99008.
Herbel, C. H., and A. B. Nelson. 1966. Activities of Hereford and Santa Gertrudis Cattle
on A Southern New Mexico Range. Journal of Range Management. 19:173.
doi:10.2307/3895642.
Hess, H. D., T. T. Tiemann, F. Noto, J. E. Carulla, and M. Kreuzer. 2006. Strategic use of
tannins as means to limit methane emission from ruminant livestock. International
Congress Series. 1293:164–167. doi:10.1016/j.ics.2006.01.010.
Hill, J., C. McSweeney, A.-D. G. Wright, G. Bishop-Hurley, and K. Kalantar-zadeh.
2016. Measuring Methane Production from Ruminants. Trends in Biotechnology.
34:26–35. doi:10.1016/j.tibtech.2015.10.004.
Himmelsbach, D. S. 1993. Structure of Forage Cell Walls—Session Synopsis. In: Forage
Cell Wall Structure and Digestibility. John Wiley & Sons, Ltd. p. 271–283.
Available from:
https://onlinelibrary.wiley.com/doi/abs/10.2134/1993.foragecellwall.c11
Holtshausen, L., A. V. Chaves, K. A. Beauchemin, S. M. McGinn, T. A. McAllister, N.
E. Odongo, P. R. Cheeke, and C. Benchaar. 2009. Feeding saponin-containing
Yucca schidigera and Quillaja saponaria to decrease enteric methane production in
dairy cows1. Journal of Dairy Science. 92:2809–2821. doi:10.3168/jds.2008-1843.

65

Honan, M., X. Feng, J. M. Tricarico, E. Kebreab, M. Honan, X. Feng, J. M. Tricarico,
and E. Kebreab. 2021. Feed additives as a strategic approach to reduce enteric
methane production in cattle: modes of action, effectiveness and safety. Anim.
Prod. Sci. doi:10.1071/AN20295. Available from:
https://www.publish.csiro.au/an/AN20295
Hook, S. E., A.-D. G. Wright, and B. W. McBride. 2010. Methanogens: Methane
Producers of the Rumen and Mitigation Strategies. Archaea. 2010:1–11.
doi:10.1155/2010/945785.
Hristov, A. N., C. Lee, T. Cassidy, K. Heyler, J. A. Tekippe, G. A. Varga, B. Corl, and R.
C. Brandt. 2013a. Effect of Origanum vulgare L. leaves on rumen fermentation,
production, and milk fatty acid composition in lactating dairy cows. Journal of
Dairy Science. 96:1189–1202. doi:10.3168/jds.2012-5975.
Hristov, A. N., J. Oh, J. L. Firkins, J. Dijkstra, E. Kebreab, G. Waghorn, H. P. S. Makkar,
A. T. Adesogan, W. Yang, C. Lee, P. J. Gerber, B. Henderson, and J. M. Tricarico.
2013. SPECIAL TOPICS — Mitigation of methane and nitrous oxide emissions
from animal operations: I. A review of enteric methane mitigation options1.
Journal of Animal Science. 91:5045–5069. doi:10.2527/jas.2013-6583.
Hristov, A. N., J. Oh, F. Giallongo, T. W. Frederick, M. T. Harper, H. L. Weeks, A. F.
Branco, P. J. Moate, M. H. Deighton, S. R. O. Williams, M. Kindermann, and S.
Duval. 2015. An inhibitor persistently decreased enteric methane emission from
dairy cows with no negative effect on milk production. Proc. Natl. Acad. Sci.
U.S.A. 112:10663–10668. doi:10.1073/pnas.1504124112.

66

Hutcheson, D. P., and N. A. Cole. 1986. Management of Transit-Stress Syndrome in
Cattle: Nutritional and Environmental Effects. Journal of Animal Science. 62:555–
560. doi:10.2527/jas1986.622555x.
IPCC (Intergovernmental Panel of Climate Change). 2021. AR6. Synthesis report of the
sixth assessment report. https://www.ipcc.ch/report/sixth-assessment-report-cycle/
Janssen, P. J., & M. Kirs, 2008. Structure of the archaeal community of the rumen.
Applied and Environmental Microbiology 74: 3619–3625.
Jeffry, L., M. Y. Ong, S. Nomanbhay, M. Mofijur, M. Mubashir, and P. L. Show. 2021.
Greenhouse gases utilization: A review. Fuel. 301:121017.
doi:10.1016/j.fuel.2021.121017.
Johnson, D. E. and G. M. Ward. 1996. Estimates of animal methane emissions. Enviro.
Monitoring and Assess. 42:133-141.
Johnson, K. A., and D. E. Johnson. 1995. Methane emissions from cattle. Journal of
Animal Science. 73:2483–2492. doi:10.2527/1995.7382483x.
Johnson, Kristen., Mark. Huyler, Hal. Westberg, Brian. Lamb, and Pat. Zimmerman.
1994. Measurement of methane emissions from ruminant livestock using a sulfur
hexafluoride tracer technique. Environ. Sci. Technol. 28:359–362.
doi:10.1021/es00051a025.
Jones, W.J., Nagle, D.P.Jr. and Whitman, W.P. 1987. Methanogens and the diversity of
archaebacteria. Microbiol. Rev., 51: 135-177
Judy, J.V. 2017. Methane from Lactating Dairy Cattle: Studies for Mitigation, Diurnal
Variation, and Role in Energy Metabolism (Doctoral dissertation, The University
of Nebraska-Lincoln).

67

Kauffman, J. B., and W. C. Krueger. 1984. Livestock Impacts on Riparian Ecosystems
and Streamside Management Implications... A Review. Journal of Range
Management. 37:430–438. doi:10.2307/3899631.
Khalil, H. P. S. A., Y. Y. Tye, S. T. Chow, C. K. Saurabh, M. T. Paridah, R. Dungani,
and M. I. Syakir. 2017. Cellulosic Pulp Fiber as Reinforcement Materials in
Seaweed-Based Film. BioResources. 12:29–42.
Kim, B. H. and Gadd, G. M. 2008. Bacterial Physiology and Metabolism. Cambridge
University Press, Cambridge, U.K.
Kittelmann, S., H. Seedorf, W. A. Walters, J. C. Clemente, R. Knight, J. I. Gordon, and
P. H. Janssen. 2013. Simultaneous Amplicon Sequencing to Explore CoOccurrence Patterns of Bacterial, Archaeal and Eukaryotic Microorganisms in
Rumen Microbial Communities. PLOS ONE. 8:e47879.
doi:10.1371/journal.pone.0047879.
Koch, A.-K. S., Norgaard, P., Hilden, K., 2009. A new method for simultaneous
recording of methane eructation, reticulo-rumen motility and jar movements in
rumen fistulated cattle. Ruminant Physiology: In: Chillard, et al. (Ed.), Proc. of the
XIth Intern. Symp. on Rum. Phys. pp. 360–361.
Kühn, W., K. Fiebig, H. Hippe, R. A. Mah, B. A. Huser, and G. Gottschalk. 1983.
Distribution of cytochromes in methanogenic bacteria. FEMS Microbiology
Letters. 20:407–410. doi:10.1111/j.1574-6968.1983.tb00157.x.
Jonker, A., G. Molano, C. Antwi, and G. C. Waghorn. 2016. Enteric methane and carbon
dioxide emissions measured using respiration chambers, the sulfur hexafluoride
tracer technique, and a GreenFeed head-chamber system from beef heifers fed

68

alfalfa silage at three allowances and four feeding frequencies. J. Anim. Sci.
94:4326–4337. Doi .org/ 10 .2527/ jas .2016 -0646.
Knight, C. W., D. W. Bailey, and D. Faulkner. 2018. Low-Cost Global Positioning
System Tracking Collars for Use on Cattle. Rangeland Ecology & Management.
71:506–508. doi:10.1016/j.rama.2018.04.003.
Lassey, K. R., C. S. Pinares-Patiño, R. J. Martin, G. Molano, and A. M. S. McMillan.
2011. Enteric methane emission rates determined by the SF6 tracer technique:
Temporal patterns and averaging periods. Animal Feed Science and Technology.
166–167:183–191. doi:10.1016/j.anifeedsci.2011.04.066.
Le Liboux, S., and J. L. Peyraud. 1999. Effect of forage particle size and feeding
frequency on fermentation patterns and sites and extent of digestion in dairy cows
fed mixed diets. Animal Feed Science and Technology. 76:297–319.
doi:10.1016/S0377-8401(98)00220-X.
Lehmann, J., and S. Joseph. 2015. Biochar for environmental management: an
introduction. In: Biochar for Environmental Management. 2nd ed. Routledge.
https://doi.org/10.4324/9780203762264
Leng, R. A., T.R. Preston, and S. Inthapanya. 2012b. Biochar lowers net methane
production from rumen fluid in vitro. Livestock Research for Rural Development.
Volume 24, Article103.
Leng, R. A., T.R. Preston, and S. Inthapanya. 2012a. Biochar reduces enteric methane
and improves growth and feed conversion in local ‘‘Yellow’’ cattle fed cassava
root chips and fresh cassava foliage. Livestock Research for Rural Development.
Volume 24, Article 199.

69

Leng, R. A., Inthapanya, S., & Preston, T. R. 2012c. Methane production is reduced in an
in vitro incubation when the rumen fluid is taken from cattle that previously
received biochar in their diet. Livestock Research for Rural Development,
Volume 24, Article 211.
Li, X., H. C. Norman, R. D. Kinley, M. Laurence, M. Wilmot, H. Bender, R. de Nys, N.
Tomkins, X. Li, H. C. Norman, R. D. Kinley, M. Laurence, M. Wilmot, H. Bender,
R. de Nys, and N. Tomkins. 2016. Asparagopsis taxiformis decreases enteric
methane production from sheep. Anim. Prod. Sci. 58:681–688.
doi:10.1071/AN15883.
Lovley, D. R., R. C. Greening, and J. G. Ferry. 1984. Rapidly growing rumen
methanogenic organism that synthesizes coenzyme M and has a high affinity for
formate. Applied and Environmental Microbiology. 48:81–87.
doi:10.1128/aem.48.1.81-87.1984.
Machado, L., M. Magnusson, N. A. Paul, R. de Nys, and N. Tomkins. 2014. Effects of
Marine and Freshwater Macroalgae on In Vitro Total Gas and Methane
Production. PLOS ONE. 9:e85289. doi:10.1371/journal.pone.0085289.
Machmüller, A., and M. Kreuzer. 1999. Methane suppression by coconut oil and
associated effects on nutrient and energy balance in sheep. Can. J. Anim. Sci.
79:65–72. doi:10.4141/A98-079.
Machmüller, A., C. R. Soliva, and M. Kreuzer. 2003. Effect of coconut oil and
defaunation treatment on methanogenesis in sheep. Reprod. Nutr. Dev. 43:41–55.
doi:10.1051/rnd:2003005.

70

Man, K. Y., K. L. Chow, Y. B. Man, W. Y. Mo, and M. H. Wong. 2021. Use of biochar
as feed supplements for animal farming. Critical Reviews in Environmental
Science and Technology. 51:187–217. doi:10.1080/10643389.2020.1721980.
Martin, C., D. P. Morgavi, and M. Doreau. 2010. Methane mitigation in ruminants: from
microbe to the farm scale. Anim. 4:351-365.
Mathison, G. W. 1997. Effect of canola oil on methane production in steers. Can. J.
Anim. Sci., 77: 545-546. (Abstr.).
Mathison, G. W., E. K. Okine, T. A. McAllister, Y. Dong, J. Galbraith, and O. I. N.
Dmytruk. 1998. Reducing Methane Emissions from Ruminant Animals. Journal of
Applied Animal Research. 14:1–28. doi:10.1080/09712119.1998.9706212.
McAllister, T. A., H. D. Bae, G. A. Jones, and K. J. Cheng. 1994. Microbial attachment
and feed digestion in the rumen. J. Anim. Sci. 3004-3018.
McAllister, T. A., K.-J. Cheng, E. K. Okine, and G. W. Mathison. 1996. Dietary,
environmental and microbiological aspects of methane production in ruminants.
Can. J. Anim. Sci. 76:231–243. doi:10.4141/cjas96-035.
McGeough, E. J., P. O’Kiely, P. A. Foley, K. J. Hart, T. M. Boland, and D. A. Kenny.
2009. Methane emissions, feed intake, and performance of finishing beef cattle
offered maize silages harvested at 4 different stages of maturity. J. Anim. Sci.
88:1479-1491.
McGinn, S. M., K. A. Beauchemin, A. D. Iwaasa, and T. A. McAllister. 2006.
Assessment of the Sulfur Hexafluoride (SF 6 ) Tracer Technique for Measuring
Enteric Methane Emissions from Cattle. J. Environ. Qual. 35:1686–1691.
doi:10.2134/jeq2006.0054.

71

Mee, J. F. 2008. Prevalence and risk factors for dystocia in dairy cattle: A review. The
Veterinary Journal. 176:93–101. doi:10.1016/j.tvjl.2007.12.032.
Miller, G. A., M. Mitchell, Z. E. Barker, K. Giebel, E. A. Codling, J. R. Amory, C.
Michie, C. Davison, C. Tachtatzis, I. Andonovic, and C.-A. Duthie. 2020. Using
animal-mounted sensor technology and machine learning to predict time-tocalving in beef and dairy cows. Animal. 14:1304–1312.
doi:10.1017/S1751731119003380.
Millward, M. F., D. W. Bailey, A. F. Cibils, and J. L. Holechek. 2020. A GPS-based
Evaluation of Factors Commonly Used to Adjust Cattle Stocking Rates on Both
Extensive and Mountainous Rangelands. Rangelands. 42:63–71.
doi:10.1016/j.rala.2020.04.001.
Mitchell, J. F. B. 1989. The “Greenhouse” effect and climate change. Reviews of
Geophysics. 27:115–139. doi:10.1029/RG027i001p00115.
Molina-Alcaide, E., M. D. Carro, M. Y. Roleda, M. R. Weisbjerg, V. Lind, and M.
Novoa-Garrido. 2017. In vitro ruminal fermentation and methane production of
different seaweed species. Animal Feed Science and Technology. 228:1–12.
doi:10.1016/j.anifeedsci.2017.03.012.
Mora, C., D. Spirandelli, E. C. Franklin, J. Lynham, M. B. Kantar, W. Miles, C. Z. Smith,
K. Freel, J. Moy, L. V. Louis, E. W. Barba, K. Bettinger, A. G. Frazier, J. F.
Colburn IX, N. Hanasaki, E. Hawkins, Y. Hirabayashi, W. Knorr, C. M. Little, K.
Emanuel, J. Sheffield, J. A. Patz, and C. L. Hunter. 2018. Broad threat to humanity
from cumulative climate hazards intensified by greenhouse gas emissions. Nature
Clim Change. 8:1062–1071. doi:10.1038/s41558-018-0315-6.

72

Mortola, J. P., and C. Lanthier. 2005. Breathing frequency in ruminants: a comparative
analysis with non-ruminant mammals. Respiratory Physiology & Neurobiology.
145:265–277.
Moss, A. R., J.-P. Jouany, and J. Newbold. 2000. Methane production by ruminants:its
contribution to global warming. Ann. Zootech. 49:231–253.
doi:10.1051/animres:2000119.
Müller, A. R. von, D. Renison, and A. M. Cingolani. 2017. Cattle landscape selectivity is
influenced by ecological and management factors in a heterogeneous mountain
rangeland. Rangel. J. 39:1–14. doi:10.1071/RJ15114.
Murray, R. M., A. M. Bryant, and R. A. Leng. 1976. Rates of production of methane in
the rumen and large intestine of sheep. Br J Nutr. 36:1–14.
doi:10.1079/BJN19760053.
National Academies of Science, Engineering, and Medicine. 2016. Nutrient
Requirements of Beef Cattle, Eight Revised Edition. Washington, DC: The
National Academies Press. doi: 10.17226/19014
Nisbet, E. G., E. J. Dlugokencky, and P. Bousquet. 2014. Methane on the Rise—Again.
Science. 343:493–495. doi:10.1126/science.1247828.
Odongo, N. E., R. Bagg, G. Vessie, P. Dick, M. M. Or-Rashid, S. E. Hook, J. T. Gray, E.
Kebreab, J. France, and B. W. McBride. 2007. Long-Term Effects of Feeding
Monensin on Methane Production in Lactating Dairy Cows. Journal of Dairy
Science. 90:1781–1788. doi:10.3168/jds.2006-708.
de Oliveira, S. G., T. T. Berchielli, M. dos S. Pedreira, O. Primavesi, R. Frighetto, and M.
A. Lima. 2007. Effect of tannin levels in sorghum silage and concentrate

73

supplementation on apparent digestibility and methane emission in beef cattle.
Animal Feed Science and Technology. 135:236–248.
doi:10.1016/j.anifeedsci.2006.07.012.
Ominski, K. H., Boadi, D. A. and Wittenberg, K. M. 2006. Enteric methane emissions
from backgrounded cattle consuming all-forage diets. Can. J. Anim. Sci.86:
393400.
O’Toole, A., D. Andersson, A. Gerlach, B. Glaser, C. Kammann, J. Kern, K.
Kuoppamäki, J. Mumme, H.P. Schmidt, M. Schulze, F. Srocke, and M. S. A. J.
Stenström. 2016. Current and future applications for biochar. In: Biochar in
European Soils and Agriculture. Routledge.
Patra, A. K. 2013. The effect of dietary fats on methane emissions, and its other effects
on digestibility, rumen fermentation and lactation performance in cattle: A metaanalysis. Livestock Science. 155:244–254. doi:10.1016/j.livsci.2013.05.023.
Pickering, N. K., Y. deHass, J. Basarab, K. Cammack, B. Hayes, R. S. Hegarty, J.
Lassen, J. C. McEwan, C. S. Pinares-Patino, G. Shackell, P. Vercoe, and V. H.
Oddy. 2013. Breeding ruminants that emit less methane- development of
consensus methods for measurement of methane. Report from the Methane
Phenotyping Working Group, an Animal Selection, Genetics, and Genomics White
Paper.
Puchala, R., B. R. Min, A. L. Goetsch, and T. Sahlu. 2005. The effect of a condensed
tannin-containing forage on methane emission by goats1. Journal of Animal
Science. 83:182–186. doi:10.2527/2005.831182x.

74

Ranga Niroshan Appuhamy, J. A. D., A. B. Strathe, S. Jayasundara, C. Wagner-Riddle, J.
Dijkstra, J. France, and E. Kebreab. 2013. Anti-methanogenic effects of monensin
in dairy and beef cattle: A meta-analysis. Journal of Dairy Science. 96:5161–5173.
doi:10.3168/jds.2012-5923.
Reynolds, C.K., D.J. Humphries, P. Kirton, M .Kindermann, S. Duval, and W. Steinberg.
2014. Effects of 3-nitrooxypropanol on methane emission, digestion, and energy
and nitrogen balance of lactating dairy cows. J. Dairy Sci. 97:3777-3789.
Roath, L. R., and W. C. Krueger. 1982. Cattle Grazing and Behavior on a Forested
Range. Journal of Range Management. 35:332. doi:10.2307/3898312.
Rogers, M., Jouany, J. P., Thivend, P., & Fontenot, J. P. 1997. The effects of short-term
and long-term monensin supplementation, and its subsequent withdrawal on
digestion in sheep. Animal feed science and technology, 65(1-4), 113-127.
Roque, B. M., H. J. Van Lingen, H. Vrancken, and E. Kebreab. 2019. Effect of
Mootral—a garlic- and citrus-extract-based feed additive—on enteric methane
emissions in feedlot cattle. Translational Animal Science. 3:1383–1388.
doi:10.1093/tas/txz133.
Roque, B. M., M. Venegas, R. D. Kinley, R. de Nys, T. L. Duarte, X. Yang, and E.
Kebreab. 2021. Red seaweed (Asparagopsis taxiformis) supplementation reduces
enteric methane by over 80 percent in beef steers. PLOS ONE. 16:e0247820.
doi:10.1371/journal.pone.0247820.
Russell, J. B., and H. J. Strobel. 1989. Effect of ionophores on ruminal fermentation.
Appl Environ Microbiol. 55:1–6. doi:10.1128/aem.55.1.1-6.1989.

75

Saleem, A. M., G. O. Ribeiro, W. Z. Yang, T. Ran, K. A. Beauchemin, E. J. McGeough,
K. H. Ominski, E. K. Okine, and T. A. McAllister. 2018. Effect of engineered
biocarbon on rumen fermentation, microbial protein synthesis, and methane
production in an artificial rumen (RUSITEC) fed a high forage diet1. Journal of
Animal Science. doi:10.1093/jas/sky204. Available from:
https://academic.oup.com/jas/advance-article/doi/10.1093/jas/sky204/5038007
Sauer, F. D., V. Fellner, R. Kinsman, J. K. Kramer, H. A. Jackson, A. J. Lee, and S.
Chen. 1998. Methane output and lactation response in Holstein cattle with
monensin or unsaturated fat added to the diet. Journal of Animal Science. 76:906.
doi:10.2527/1998.763906x.
Schuepp, P. H., M. Y. Leclerc, J. I. MacPherson, and R. L. Desjardins. 1990. Footprint
prediction of scalar fluxes from analytical solutions of the diffusion equation.
Boundary-Layer Meteorol. 50:355–373. doi:10.1007/BF00120530.
Shakya, A., & Agarwal, T. 2017. Poultry litter biochar: an approach towards poultry litter
management–a review. Int J Curr Microbiol App Sci, 6(10), 2657-2668.
Sharp, R., C. J. Ziemer, M. D. Stern, and D. A. Stahl. 1998. Taxon-specific associations
between protozoal and methanogen populations in the rumen and a model rumen
system. FEMS Microbiology Ecology. 26:71–78. doi:10.1111/j.15746941.1998.tb01563.x.
Shibata, M., and F. Terada. 2010. Factors affecting methane production and mitigation in
ruminants. Animal Science Journal. 81:2–10. doi:10.1111/j.17400929.2009.00687.x.

76

Siebert, B. D., and W. V. Macfarlane. 1975. Dehydration in Desert Cattle and Camels.
Physiological Zoology. 48:36–48. doi:10.1086/physzool.48.1.30155636.
Silivong, P., & Preston, T. R. (2015). Growth performance of goats was improved when a
basal diet of foliage of Bauhinia acuminata was supplemented with water spinach
and biochar. Livestock Research for Rural Development, 27, 58. Retrieved
from http://www.lrrd.org/lrrd27/3/sili27058.html
Sirohi, S. K., N. Pandey, B. Singh, and A. K. Puniya. 2010. Rumen methanogens: a
review. Indian J Microbiol. 50:253–262. doi:10.1007/s12088-010-0061-6.
Song, H., W. P. Clarke, and L. L. Blackall. 2005. Concurrent microscopic observations
and activity measurements of cellulose hydrolyzing and methanogenic populations
during the batch anaerobic digestion of crystalline cellulose. Biotechnology and
Bioengineering. 91:369–378. doi:10.1002/bit.20517.
Sperber, J. L., B.C. Troyer, G. E. Erickson, and A. K. Watson. 2022. Evaluation of the
effects of pine-sourced biochar on cattle performance and methane and carbon
dioxide production from growing and finishing steers. Translational Animal
Science. txac152. doi:10.1093/tas/txac152.
Stavert, A. R., M. Saunois, J. G. Canadell, B. Poulter, R. B. Jackson, P. Regnier, R.
Lauerwald, P. A. Raymond, G. H. Allen, P. K. Patra, P. Bergamaschi, P. Bousquet,
N. Chandra, P. Ciais, A. Gustafson, M. Ishizawa, A. Ito, T. Kleinen, S. Maksyutov,
J. McNorton, J. R. Melton, J. Müller, Y. Niwa, S. Peng, W. J. Riley, A. Segers, H.
Tian, A. Tsuruta, Y. Yin, Z. Zhang, B. Zheng, and Q. Zhuang. 2022. Regional
trends and drivers of the global methane budget. Global Change Biology. 28:182–
200. doi:10.1111/gcb.15901.

77

Stewart, C.S. and Bryant, M.P. 1988. The nunen bacteria. In: P.N. Hobson, (ed.). The
Rumen
Microbial Ecosystem. Elsevier Applied Science. London. pp. 21-75.
Stewart, E. K., K. A. Beauchemin, X. Dai, J. W. MacAdam, R. G. Christensen, and J. J.
Villalba. 2019. Effect of tannin-containing hays on enteric methane emissions and
nitrogen partitioning in beef cattle1. Journal of Animal Science. 97:3286–3299.
doi:10.1093/jas/skz206.
Stocker, T.F., D. Qin, G.-K. Plattner, L.V. Alexander, S.K. Allen, N.L. Bindoff, F.-M.
Bréon, J.A. Church, U. Cubasch, S. Emori, P. Forster, P. Friedlingstein, N. Gillett,
J.M. Gregory, D.L. Hartmann, E. Jansen, B. Kirtman, R. Knutti, K. Krishna
Kumar, P. Lemke, J. Marotzke, V. Masson-Delmotte, G.A. Meehl, I.I. Mokhov, S.
Piao, V. Ramaswamy, D. Randall, M. Rhein, M. Rojas, C. Sabine, D. Shindell,
L.D. Talley, D.G. Vaughan and S.-P. Xie, 2013: Technical Summary. In: Climate
Change 2013: The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA
Stumm, C. K., H. J. Gijzen, and G. D. Vogels. 1982. Association of methanogenic
bacteria with ovine rumen ciliates. Br J Nutr. 47:95–99.
doi:10.1079/BJN19820013.
Sun, Y., B. Gao, Y. Yao, J. Fang, M. Zhang, Y. Zhou, H. Chen, and L. Yang. 2014.
Effects of feedstock type, production method, and pyrolysis temperature on

78

biochar and hydrochar properties. Chemical Engineering Journal. 240:574–578.
doi:10.1016/j.cej.2013.10.081.
Sauvant, D. and Giger-Reverdin, S., 2007. Empirical modelling by meta-analysis of
digestive interactions and CH4 production in ruminants.
Tanaka, J. A., N. R. Rimbey, L. A. Torell, D. “Tex” Taylor, D. Bailey, T. DelCurto, K.
Walburger, and B. Welling. 2007. Grazing Distribution: The Quest for the Silver
Bullet. rala. 29:38–46. doi:10.2111/1551-501X(2007)29[38:GDTQFT]2.0.CO;2.
Tavendale, M. H., L. P. Meagher, D. Pacheco, N. Walker, G. T. Attwood, and S.
Sivakumaran. 2005. Methane production from in vitro rumen incubations with
Lotus pedunculatus and Medicago sativa, and effects of extractable condensed
tannin fractions on methanogenesis. Animal Feed Science and Technology. 123–
124:403–419. doi:10.1016/j.anifeedsci.2005.04.037.
Tayyab, U., M. Novoa-Garrido, M. Y. Roleda, V. Lind, and M. R. Weisbjerg. 2016.
Ruminal and intestinal protein degradability of various seaweed species measured
in situ in dairy cows. Animal Feed Science and Technology. 213:44–54.
doi:10.1016/j.anifeedsci.2016.01.003.
Teoh, R., E. Caro, D. B. Holman, S. Joseph, S. J. Meale, and A. V. Chaves. 2019. Effects
of hardwood biochar on methane production, fermentation characteristics, and the
rumen microbiota using rumen simulation. Frontiers in Microbiol. 10:1-13 doi:
10.3389/fmicb.2019.01534
Terry, S. A., A.-A. P. Redman, G. O. Ribeiro, A. V. Chaves, K. A. Beauchemin, E.
Okine, and T. A. McAllister. 2020. Effect of a pine enhanced biochar on growth

79

performance, carcass quality, and feeding behavior of feedlot steers1. Translational
Animal Science. 4:831–838. doi:10.1093/tas/txaa011.
Terry, S. A., G. O. Ribeiro, R. J. Gruninger, A. V. Chaves, K. A. Beauchemin, E. Okine,
and T. A. McAllister. 2019. A Pine Enhanced Biochar Does Not Decrease Enteric
CH4 Emissions, but Alters the Rumen Microbiota. Front. Vet. Sci. 6:308.
doi:10.3389/fvets.2019.00308.
Thauer, R. K., A.-K. Kaster, H. Seedorf, W. Buckel, and R. Hedderich. 2008.
Methanogenic archaea: ecologically relevant differences in energy conservation.
Nat Rev Microbiol. 6:579–591. doi:10.1038/nrmicro1931.
Theurer, M. E., D. E. Anderson, B. J. White, M. D. Miesner, D. A. Mosier, J. F. Coetzee,
J. Lakritz, and D. E. Amrine. 2013. Effect of Mannheimia haemolytica pneumonia
on behavior and physiologic responses of calves during high ambient
environmental temperatures1. Journal of Animal Science. 91:3917–3929.
doi:10.2527/jas.2012-5823.
Tiemann, T. T., C. E. Lascano, M. Kreuzer, and H. D. Hess. 2008. The ruminal
degradability of fibre explains part of the low nutritional value and reduced
methanogenesis in highly tanniniferous tropical legumes. Journal of the Science of
Food and Agriculture. 88:1794–1803. doi:10.1002/jsfa.3282.
Troy, S. M., C.-A. Duthie, J. J. Hyslop, R. Roehe, D. W. Ross, R. J. Wallace, A.
Waterhouse, and J. A. Rooke. 2015. Effectiveness of nitrate addition and increased
oil content as methane mitigation strategies for beef cattle fed two contrasting
basal diets1. Journal of Animal Science. 93:1815–1823. doi:10.2527/jas.20148688.

80

USEPA (U.S. Environmental Protection Agency). 2021. Overview of Greenhouse Gases.
USEPA, Washington, DC. https://www.epa.gov/ghgemissions/global-greenhousegas-emissions-data
Valentine, K. A. 1947. Distance from Water as a Factor in Grazing Capacity of
Rangeland. Journal of Forestry. 45:749–754. doi:10.1093/jof/45.10.749.
Van Nevel, C. J., & Demeyer, D. 1977. Effect of monensin on rumen metabolism in
vitro. Applied and Environmental Microbiology, 34(3), 251-257.
Van Soest, P. J., 1982. Nutritional Ecology of the Ruminant. Cornell University Press.
Ithaca, N. Y.
Varga, G.A., Tyrrell, H.F., Waldo, D.R., Huntington, G.B. and Glenn, B.P., 1985. Effect
of alfalfa or orchard grass silages on energy and nitrogen utilization for growth by
Holstein steers. Energy Metabolism of Farm Animals. PW Mue, HF Tyrell, PJ
Reynolds.,(Eds,) Ronman and Littlefield, Totawa, NJ, pp.86-89.
Velazco, J. I., D. G. Mayer, S. Zimmerman, and R. S. Hegarty. 2016. Use of short-term
breath measures to estimate daily methane production by cattle. animal. 10:25–33.
doi:10.1017/S1751731115001603.
Vyas, D., A. W. Alemu, S. M. McGinn, S. M. Duval, M. Kindermann, and K. A.
Beauchemin. 2018. The combined effects of supplementing monensin and 3nitrooxypropanol on methane emissions, growth rate, and feed conversion
efficiency in beef cattle fed high-forage and high-grain diets1. Journal of Animal
Science. 96:2923–2938. doi:10.1093/jas/sky174.

81

Waghorn, G. 2008. Beneficial and detrimental effects of dietary condensed tannins for
sustainable sheep and goat production—Progress and challenges. Animal Feed
Science and Technology. 147:116–139. doi:10.1016/j.anifeedsci.2007.09.013.
Weber, K., and P. Quicker. 2018. Properties of biochar. Fuel. 217:240–261.
doi:10.1016/j.fuel.2017.12.054.
Welander, P. V., and W. W. Metcalf. 2005. Loss of the mtr operon in Methanosarcina
blocks growth on methanol, but not methanogenesis, and reveals an unknown
methanogenic pathway. Proceedings of the National Academy of Sciences.
102:10664–10669. doi:10.1073/pnas.0502623102.
Wickersham, T. A., and J. E. Sawyer. 2016. 120 Protein Supplementation of Beef Cattle
to Meet Human Protein Requirements. Journal of Animal Science. 95:59–59.
doi:10.2527/ssasas2017.0120.
Williams, L. R., E. L. Jackson, G. J. Bishop-Hurley, and D. L. Swain. 2017. Drinking
frequency effects on the performance of cattle: a systematic review. Journal of
Animal Physiology and Animal Nutrition. 101:1076–1092. doi:10.1111/jpn.12640.
Winders, T. M., B. M. Boyd, F. H. Hilscher, R. R. Stowell, S. C. Fernando, and G. E.
Erickson. 2020. Evaluation of methane production manipulated by level of intake
in growing cattle and corn oil in finishing cattle. Translational Animal Science.
4:txaa186. doi:10.1093/tas/txaa186.
Winders, T. M., M. L. Jolly-Breithaupt, H. C. Wilson, J. C. MacDonald, G. E. Erickson,
and A. K. Watson. 2019. Evaluation of the effects of biochar on diet digestibility
and methane production from growing and finishing steers. J. Anim. Sci. 97:138.

82

CHAPTER 2 - IMPACTS OF FEEDING BIOCHAR TO
CATTLE ON GREENHOUSE GAS EMISSIONS AND
PERFORAMNCE
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Watson
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Abstract
Two experiments were conducted to evaluate the impact of feeding biochar on
methane (CH4) and carbon dioxide (CO2) emissions, performance, and carcass
characteristics in finishing beef cattle. A food use authorization (FDA) was granted prior
to experiment initiation, as biochar is not an approved feed additive for beef cattle.
Biochar sourced from pistachio shells (VGrid Energy Systems, San Pablo, CA) was fed
to finishing steers in a diet comprised of 70% corn, 20% distillers grains, and 5% corn
residue in Experiment 1 (Exp.1) utilizing calf-feds (initial BW = 329 kg ± 19 kg).
Biochar sourced from ponderosa pine wood waste (Vital Ag, Bellwood, NE) was fed to
finishing steers in a diet consisting of 40% corn, 40% Sweet Bran, and 15% corn silage in
Experiment 2 (Exp 2.) utilizing short yearlings (initial BW = 386 kg ± 19 kg). Both
experiments evaluated 2 treatments: control (CON1 and CON2) diet containing no
biochar and biochar (BIO1 and BIO2) replacing 1% of dietary corn. Pen was the
experimental unit with 8 steers per pen and 8 replications. Four replications were rotated
through a two-chamber emissions barn in 7-day cycles measuring CH4 and CO2
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emissions. Cattle performance data were analyzed using the MIXED procedure of SAS
with treatment and body weight block as fixed effects and emissions data analyzed as a
repeated measure. In experiment 1, feeding biochar did not impact either CH4, in g/day
(P = 0.76) and g/kg of dry matter intake (DMI; P = 0.88) or CO2 as g/day (P = 0.94) and
g/kg DMI (P = 0.88). No differences were observed for final BW, dry matter intake
(DMI), average daily gain (ADG), and feed efficiency (G:F) between CON1 and BIO1 (P
≥ 0.31). Carcass characteristics of hot carcass weight (HCW), longissimus muscle (LM)
area, 12th rib fat thickness, marbling score and yield grade were equal between CON1 and
BIO1 treatments (P ≥ 0.21). In experiment 2, there were no statistical differences
between CON2 and BIO2 emissions for CH4, g/day (P = 0.78) and g/kg DMI (P = 0.84)
or CO2, g/day (P = 0.50) and g/kg DMI (P = 0.50). Dry matter intake, final BW, ADG,
and G:F performance were similar (P ≥ 0.23) for both CON2 and BIO2 treatments.
Carcass characteristics were not different for HCW, LM area, 12th rib fat thickness,
marbling score and yield grade (P ≥ 0.45). Supplementing biochar fed to beef cattle at
1% of diet DM did not impact emissions of CH4 or CO2 from beef cattle, cattle
performance, or carcass characteristics.

Keywords: biochar, carbon dioxide, methane

Introduction
Greenhouse gas (GHG) emissions, such as methane (CH4) and carbon dioxide
(CO2), have been linked to climate change with increasing atmospheric temperatures. In
2020, the agriculture sector (food production from crops and livestock) accounted for
24% of global GHGs (US EPA, 2020). Specifically, the U.S. agriculture sector

84

contributed approximately 11% of total US emissions (US EPA, 2020). Over the past
decade the agricultural industry has been pressured and challenged to demonstrate
advances toward reduction of these gases, particularly from cattle, without adverse
effects on animal health and performance.
Cattle are unique in their ability to derive energy and nutrients from forages and
grains through rumen fermentation. The majority of CH4 produced comes from feed
fermentation in the rumen (Torrent and Johnson, 1994). Ruminants are natural producers
of CH4 and CO2 through eructation from fermentation in the rumen as well as respired
CO2. During enteric fermentation, the loss of methane is deemed unfavorable to the
animal and is a gross energy intake (GEI) loss ranging from 2 to 12% (Johnson et al.,
1993; Johnson and Johnson, 1995). Beauchemin and McGinn (2006) estimated cattle fed
a forage diet lose 6% of GEI, while cattle fed concentrate diets lose an estimated 3.5% of
GEI.
Dietary modifications using various ingredient combinations is one way to reduce
enteric CH4 emission production. Diets can be altered using feed additives aiding in
feeding efficiency, feed quality and animal health and performance (Cottle et al. 2011;
Honan et al., 2021). A feed additive known as biochar has been a proposed option for its
methane reduction potential properties. Biochar is carbon-rich material resulting from
converting organic compounds (ex: forest wood waste, nuts, rice, animal, manure, corn
stover) using thermal combustion and temperatures ranging from 290 to 1000ºC with or
without an oxidizing agent (Al-Rumaihi et al., 2022). The mechanism for biochar
reducing enteric methane is not fully identified but suggested theories have been made
regarding its carbon sequestering ability when fed to ruminants. One theory postulates
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biochar adsorbs enteric gases in the rumen (Leng et al. 2013). Another theory claims
biochar may alter the rumen microbial habitat (Leng et al., 2012a, 2012c). Much
emphasis has been placed on the hypothesis biochar increases the surface area of the
rumem providing a favorable microbial environment (Leng et al., 2012a, 2012c). By
increasing the surface area, biofilm formation could be increase and may improve feed
degradation giving methanotrophs the ability to oxidate CH4, therefore decreasing CH4
production (Leng et al., 2012a; Leng et al. 2013).
There have been several in vitro experiments evaluating the addition of biochar.
In high forage diets, Leng et al. (2012b) and Saleem et al. (2018) observed a reduction in
CH4 production when biochar was added either to a cassava root diet or barley silage diet.
In contrast, Teoh et al. (2019) found biochar had no effect on CH4 production when using
a concentrate diet (oat pasture, corn silage, corn). There have been various results using
biochar under in vivo conditions on reducing the production of enteric CH4. Leng et al.
(2012a) fed a basal diet of cassava root chips, fresh cassava foliage and biochar derived
from rice husks and observed a 22% decline in CH4 production. Winders et al. (2019)
evaluated biochar inclusion levels of 0, 0.8 and 3% dietary DM for cattle in a headbox
experiment. Cattle fed a diet containing 0.8% biochar had a tendency to reduce CH4 (g/d)
by 11%. However, other experiments conducted by Terry et al. (2019b), Sperber et al.
(2022) and Conlin et al. (2021) observed no differences in CH4 production for biochar
dietary inclusions ranging from 0.5% to 3% dietary DM. These differences between
experiments could be influenced by diet composition but more importantly biochar type.
The objectives of the following experiments were to determine the effects of pistachio
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shell sourced biochar and ponderosa pine wood sourced biochar on CH4 and CO2
emissions, animal performance, and carcass characteristics of finishing beef cattle.

Materials and Methods
All management practices and animal care were approved by the University of
Nebraska-Lincoln Institutional Animal Care and Use Committee (IACUC #1785).
Currently biochar is not approved to be fed to cattle entering the food supply chain
intended for human consumption. Prior to experiment initiation, a food use authorization
was acquired from the U.S. Food and Drug Administration (FDA).

Experiment 1
A 190-d experiment was conducted at the Eastern Nebraska Research Extension and
Education Center (ENREEC) near Mead, NE. Backgrounded crossbred steers (n = 128;
initial BW = 328 kg; SD = 18.6 kg) were utilized in a randomized block design to
evaluate the effect of supplementing pistachio shell sourced biochar (VGrid Energy
Systems Inc., San Pablo, CA) on CH4 and CO2 emissions, performance, and carcass
characteristics of finishing beef cattle. The control diet (CON1) consisted of 35% dryrolled corn (DRC), 35% high moisture corn (HMC), 20% modified distillers grains plus
solubles (MDGS), 5% corn residue, and 5% supplement (Table 1). The biochar (BIO1)
was added as an ingredient displacing the 70% DRC:HMC blend at 1% of dry matter
(DM) in the diet.
Steers were purchased in the fall of 2020. Upon arrival, cattle were individually
identified and vaccinated with a modified live virus (Vista Once, Merck Animal Health,
Summit, NJ) for prevention of bovine rhinotracheitis, virus diarrhea, parainfluenza 3,
respiratory syncytial virus, mannheima haemolytica, and pasturella multocida, a killed
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vaccine (Ultrabac 7/Somubac, Zoetis Inc, Kalamazoo, MI) for Clostridum and somnus
protection, and subcutaneous injectable (Dectomax, Zoetis Inc.) to manage and treat
parasites. After 14 to 21 d following animal arrival and initial receiving process, cattle
were administered Vista 5 (Merck Animal Health) and Somubac (Zoetis Inc.). Prior to
experiment initiation, steers grazed corn residue and were supplemented 2.27 kg of wet
corn gluten feed per day (Sweet Bran, Cargill Wet Milling; Blair, NE) between the
months of October and January.
Samples of biochar were taken monthly and sent to Control Laboratories
(Watsonville, CA) for physical and chemical analysis. The biochar provided had a small
particle size distribution with 62.8% at <0.5mm, 35.7% at 0.5 to 1mm and 1.5% at 1 to
2mm respectively. With relatively small particle size, sorting was not observed in the diet
containing biochar for the duration of the experiment. On average, the biochar had a DM
of 91.6% and organic carbon content of 85%. Other physical and chemical properties
reported were a bulk density of 381.2 kg/m3, surface area at 217 m2/g, a pH value of 9.03,
total N content at 0.74 % of total dry mass and total ash content at 5.1 % of total dry
mass.
At experiment initiation steers, were brought into the feedlot and limit fed a
common diet consisting of 50% Sweet Bran (Cargill Wet Milling; Blair, NE) and 50%
alfalfa hay on a dry matter basis at 2% of body weight for 5 days to equalize
gastrointestinal fill (Stock et al., 1983; Watson et al., 2013). Steers were weighed on two
consecutive days (d 0 and d 1) in the morning before feeding to establish an initial body
weight [(BW) = 328 kg; SD = 18.5 kg]. Steers were stratified into 2 BW blocks: light
BW block and heavy BW block, assigned randomly to pen (n=16; 8 steers/pen) and pen
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was assigned randomly to treatment. There was a total of 8 replicates used for
performance with four of those replicates (4 control and 4 biochar pens) assigned
randomly for monitoring emissions in the two-pen scale emission barn (Winders et. al,
2020). Ort samples were taken weekly throughout the experiment to calculate DM and
correct for overall DMI.
On d 1, all cattle were implanted with 80 mg of trenbolone acetate & 16 mg of
estradiol (Revalor-IS, Merck Animal Health, Summit, NJ), and given an oral drench
(Safegaurd, Merck Animal Health) for internal parasite control. Cattle were re-implanted
on d 79 with 200 mg of trenbolone acetate & 20 mg of estradiol (Revalor-200, Merck
Animal Health). On d 18 cattle were treated with Clean-Up II pour-on insecticide used
for lice and fly control (Elanco Animal Health, Greenfield, IN).
Cattle were harvested at a commercial abattoir (Greater Omaha, Omaha, NE) on d
191. Pen weights were taken prior to shipping on the day before harvest. Hot carcass
weight (HCW) was recorded on morning of harvest. After a 48-hour chill, longissimus
muscle area (LM), 12th rib fat thickness, USDA marbling scores were recorded and yield
grade was calculated calculated using the USDA YG equation (2016): 2.50 + (0.98425 ×
12th rib fat, cm) + (0.2 × 2.5 KPH%) + 0.00837 × HCW, kg) – (0.0496 × LM area, cm2),
where KPH fat was assumed to average 2.5%. A common dressing percent of 63% was
used to calculate final adjusted body weight. Dietary NEm and NEg values were
calculated for both treatments using equations from NASEM (2016) using the DMI and
carcass-adjusted final BW for each pen of cattle.
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Experiment 2
A 141-d finishing feedlot experiment was conducted from June to November at
the Eastern Nebraska Research, Education and Extension Center (ENREEC) near Mead,
NE. A randomized block design consisted of 128 yearling crossbred steers (initial BW =
386 kg; SD = 18.6 kg) to determine the effect of feeding ponderosa pine wood biochar on
CH4 and CO2 production, carcass traits and animal performance in beef steers. Steers
were fed a finishing diet consisting of 20% dry-rolled corn (DRC) and 20% high moisture
corn (HMC) blend, 40% Sweet Bran (Cargill Wet Milling; Blair, NE), 15% corn silage,
and a 5% supplement as the basal control (CON2) diet (Table 2). In the biochar (BIO2)
diet, biochar displaced the DRC:HMC corn blend at 1% of diet DM. Cattle were
purchased in the fall of 2020. Cattle were initially processed at the time of arrival.
All steers were individually identified and vaccinated with a modified live virus
(Vista, Merck Animal Health) for prevention of bovine rhinotracheitis, virus diarrhea,
parainfluenza 3, respiratory syncytial virus, mannheima haemolytica, and pasturella
multocida, a killed vaccine (Ultrabac 7 Somubac, Zoetis Ince, Kalamazoo, MI) for
Clostridum and somnus protection, and subcutaneous injectable (Dectomax, Zoetis Inc.)
to manage and treat internal parasites. After 14 to 21 d following animal arrival and
initial receiving process, cattle were administered Vista 5 (Merck Animal Health) and
Somubac (Zoetis Inc.). Cattle were supplemented 2.27 kg of wet corn gluten feed per day
while grazing corn residue from October to April (Sweet Bran, Cargill Wet Milling) and
grazed smooth bromegrass pasture during the months of May and June prior to
experiment initiation.
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Biochar was provided by Vital Ag. (Bellwood, NE) and sourced from ponderosa
pine wood. Samples were taken at two different time points throughout the experiment
and sent to Control Laboratories (Watsonville, CA) for physical and chemical analysis.
The dry matter remained consistent with an average of 92.3%. Other analyses included
organic carbon composition at 74% of total dry mass, bulk density of 171 kg/m3, surface
area of 181 m2/g, pH of 6.83, total nitrogen content of 0.71% and ash content at 3.9%
(DM basis). Particle size had a broad category of size ranging from <0.5 mm to 16 mm
with the majority of biochar particles categorized as 2 to 4 mm (23.25%) and 4 to 8 mm
(47.85%). Due to larger particle size, sorting of the biochar in the feed was considered
but cattle did not demonstrate any sorting behavior tendencies through visual appraisal
during the experiment.
Prior to experiment initiation, cattle were brought into the feedlot and limit fed a
common diet at 2% BW comprised of 50% alfalfa hay and 50% Sweet Bran (Cargill Wet
Milling; Blair, NE) for 5 day to equalize gut fill (Watson et al., 2013). Steers were
weighed on two consecutive days (d -2 and d -1) in the morning prior to feeding (Stock et
al., 1983) and averaged for initial body weight (BW = 386 kg; SD = 18.6 kg). Steers were
implanted on d -1 with 200 mg of trenbolone acetate & 40 mg of estradiol (Revalor-XS,
Merck Animal Health) and given an oral drench for internal parasite control (Safeguard,
Merck Animal Health). Cattle were stratified into two BW blocks with 6 light and 2
heavy replications, assigned randomly to pen (n = 16; 8 steers/pen) and pen assigned
randomly to treatment. Within BW blocks, 3 replicates of the light block and 1 of the
heavy block were selected randomly for monitoring of CH4 and CO2 production using the
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two-pen scale emissions barn (Winders et al., 2020). Ort samples were taken weekly
throughout the experiment to calculate DM and correct for overall DMI.
On d -1 and d 0 all cattle received a diet of 50% Sweet Bran and 50% alfalfa hay
ad libitum to maximize gut fill before transitioning to each respected treatment diet on d
1. A 24-day adaption period was utilized with corn silage decreasing in the diet and a
DRC:HMC blend increasing, while Sweet Bran and supplement remained at a constant
DM inclusion in the diet. Due to limited availability, biochar was added into the diet on
day 26 and discontinued on day 131, for a total of 106 days incorporated into the BIO2
diet treatment. Dietary NEm and NEg values were calculated for both treatments using
equations from NASEM (2016) using the DMI and carcass-adjusted final BW for each
individual pen of cattle.
Cattle were harvested at a commercial abattoir (Greater Omaha; Omaha, NE) on d
142. Hot carcass weight (HCW) was recorded on morning of harvest. After a 48-hour
chill, longissimus muscle area (LM), 12th rib fat thickness, USDA marbling scores were
recorded, and yield grade was calculated using the USDA YG equation (2016): 2.50 +
(0.98425 × 12th rib fat, cm) + (0.2 × 2.5 KPH%) + 0.00837 × HCW, kg) – (0.0496 × LM
area, cm2), where KPH fat was assumed to average 2.5%. A common dressing percent of
63% was used to calculate final adjusted body weight.

Emissions Collection Method
The methane barn consists of two open-circuit indirect calorimeters. The
following summarizes a brief operational overview with construction and specifications
described in further detail by Winders et al. (2020). Each chamber is equipped to
function as a negative air pressure system to capture methane and carbon dioxide. The
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pen chambers are identical and sealed off ensuring no air crossover of emissions. Air
enters each chamber from the south end of the barn through an air inlet and is pulled
toward the north side of the barn. In the middle of each pen are two ceiling fans ensuring
adequate air mixing throughout the pen before reaching the north end of the barn. Fans on
the north wall create a negative pressure system pulling air from the south side of the
barn to the north end of the barn. This keeps a constant flow of fresh air entering through
the southern wall air inlets and exiting through the exhaust fans on the north wall.
Located on the north barn wall are air sampling inlets, one in each pen chamber. The air
is sampled through one air inlet at a time and is set on a timing rotation of two minutes
ambient (outside) air, six minutes west chamber, six minutes ambient air, and six minutes
east chamber for a total of twenty minutes to complete one cycle. Air is analyzed in real
time using the LI-7700 Open-Path CH4 analyzer and LI-7500DS Open-Path CO2/H2O
analyzer (LI-COR Biosciences, Lincoln, NE).
In experiment 1, four replicates were selected randomly for monitoring in the
two-pen scale emissions barn for 16 consecutive weeks starting in February 2020 and
ending in June 2020. During experiment 2, four replicates were assigned randomly and
monitored for four consecutive weeks, followed by one week of no monitoring, then
monitored another four consecutive weeks at the start of August 2020 and concluded
during the first week of October 2020.
Within each replicate there was a control (CON) and biochar (BIO) fed pen of
cattle. Each replicate was monitored for 5 days during one cycle. Replicates in Exp. 1
were monitored in the methane barn 4 times and in Exp. 2 twice. Each pen was monitored
in each chamber (east and west) an equal number of times to exclude any pen chamber
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variation. The designated replicate entered the pen chambers on Wednesdays at 0700 h,
and remained in the chamber for five full days of continuous emissions monitoring until
the following Monday at 0700 h. Once cattle exited the pen chambers and returned to
their home pens, one full 24-hour period was used to collect manure emissions of CO2
and CH4 from accumulated manure over those 5 days and correct for any manure
contribution. Each chamber was cleaned weekly on Tuesdays by removing all manure
with a skid steer and allowing for 1 day of monitoring of clean pens. Waters were cleaned
weekly between monitored replicates. Baseline emissions were established by subtraction
of CH4 and CO2 after manure cleaning until time of the next replicate entering the pen
chambers. Total CH4 and CO2 production were calculated by dividing by the number of
steers (8 steers) in each pen to establish values on a per animal basis.
Production of methane and carbon dioxide were recorded as grams per day (g/d)
and grams per kilogram of DM (g/kg of DMI). The amount of feed offered and refused
were weighed, recorded and used to calculate total dry matter intake (DMI) for each
treatment while housed in the emissions barn. Total orts weight was averaged over 5 days
of monitoring and subtracted from DM offered to achieve correct DMI.

Feed Sampling
University staff collected dietary ingredients weekly to determine DM and use to
adjust ingredient proportions in the diet. Feed refusals present in open feedlot bunks and
methane barn feed bunks were weighed, subsampled, and dried in a forced-air oven at
60ºC (model LBB2-21-1; Despatch Industries, Minneapolis, MN) oven for 48 h to
determine DM (AOAC, 1999 method 4.103) and calculate DM weight of refused feed. At
the end of the experiment, the weekly ingredients were composited by month and ground
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through a Wiley mill using a 1 mm screen. Feed ingredients were analyzed for lab DM,
organic matter (OM), crude protein (CP) and neutral detergent fiber (NDF). Lab DM was
determined by placing samples in a 100ºC forced air oven for 24 h. Organic matter was
determined by placing samples in a muffle furnace for 6 h at 600ºC (AOAC, 1999,
Method 4.1.10). Crude protein was determined using combustion (FlashSmart N/Protein
Analyzer CE Elantech, Inc. Lakewood, NJ; AOAC, 1999; method 990.03). Neutral
detergent fiber was conducted using an adapted method described by Van Soest et al.
(1991). All NDF analyses were refluxed for 1 h in neutral detergent solution with 0.5 g of
sodium sulfite and received 2 doses (0.5ml/dose) of heat stable alpha amylase (Catalog #
FAA, Ankom Technologies, Macedon, NY).

Statistical Analysis
Performance and Emissions
All performance and carcass characteristics data were analyzed using the PROC
MIXED procedure of SAS (SAS institute, Inc., Cary, N.C.) as a randomized block
design. Pen served as the experimental unit and dietary treatment and BW block as fixed
effects. Emissions data (CH4 and CO2 as g/d and g/kg DMI) were analyzed as a repeated
measure having monitored 4 different replicates over four (Exp. 1) or two (Exp. 2) oneweek durations. In Exp. 1, two weeks of monitoring for one replicate were not used in
emissions analysis due to cattle receiving incorrect diet for one day in the emissions barn.
This replicate was used in performance calculations, as one day of incorrect feeding did
not alter overall performance outcomes. Covariance structures tested were autoregressive
one (AR(1)), compound symmetry (CS), unstructured (UN) and Toeplitz (TOEP) and
covariance structure was selected based on the lowest overall Akaike information
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criterion (AIC) values. Covariance structure was closely fitted with unstructured (Exp. 1)
covariance and compound symmetry in Exp 2. All values were considered significant at α
≤ 0.05.

Results and Discussion
Performance
Experiment 1
There were no statistical differences in performance and carcass characteristics
between cattle fed the control diet or the 1% pistachio shell-based biochar diet (P ≥ 0.20;
Table 2.2). Biochar supplemented cattle had a dry matter intake (DMI) of 11.5 kg/d
resulting in an average daily gain (ADG) of 1.89 kg/d. The control fed cattle had a DMI
of 11.4 kg/d and ADG 1.86 kg/d (P ≥ 0.31). Overall, the treatments did not differ in feed
efficiency (G:F) averaging 0.162 (P = 0.73). Dietary energy NEm and NEg (Mcal/kg)
were not different between treatments (P = 0.78). The control fed steers had a HCW of
431 kg and the biochar treatment had a 434 kg HCW (P = 0.36). Other carcass
characteristics were similar between treatments (P ≥ 0.20).
Experiment 2
There were no statistical differences in animal performance for DMI, ADG, or
G:F ( P ≥ 0.23; Table 2.4). Dietary energy NEm and NEg (Mcal/kg) were not different
between treatments (P = 0.29). Cattle fed the basal control diet had a HCW of 435 kg
compared to the biochar supplemented cattle at 432 kg (P = 0.47). Longissimus muscle
area was the same across treatments (P = 0.84). Marbling score and calculated yield
grade were not different between treatments (P ≥ 0.68).
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Discussion
Overall, the addition of two different types of biochar in two different high
concentrate diets, did not result in any positive or negative impacts on performance or
carcass traits. The optimal inclusion level of biochar is a key consideration and in past
research has ranged from 0.5 to 3% of total dry matter inclusion in vivo conditions (Terry
et al., 2019a; Winders et al., 2019).
Conlin et. al. (2021) investigated various inclusions of a pelleted pine sourced
biochar utilizing 8 multiparous beef cows. Inclusion levels included 0,1, 2, or 3% biochar
(DM basis) in a forage-based diet consisting of 50% alfalfa haylage, 30% wheat straw,
and 17% corn silage. Conlin et al. (2021) observed no differences in DMI or body
condition score (BCS). Leng et al. (2012a) fed a basal diet of cassava root chips, fresh
cassava foliage and 0.62% biochar derived from rice husks to Bos indicus cattle and
concluded supplementation of biochar did not affect DM intake but had increased ADG
(P ≥ 0.056). Results from both these experiments support results from experiment 1 and
experiment 2 indicating the addition of biochar does not impact DMI performance or
ADG. Winders et al. (2019) investigated optimum pine biochar inclusions (0, 0.8, or 3%
DM) fed in a forage-based growing diet [21% brome hay, 20% wheat straw, 30% corn
silage, 22 % wet distillers grains plus solubles (WDGS)] and in a finishing beef diet (dryrolled corn 53%, corn silage 20%, and WDGS). Winders et al. (2019) reported no
differences in DMI (kg/d) between treatments (P ≥ 0.43) during the growing phase;
however, during the finishing phase, there was a quadratic response on intake with cattle
fed 0.8% biochar having the greatest intake (kg/d) compared to the 0 and 3% biochar
inclusion. A follow up experiment to Winders et al. (2019) conducted by Sperber et. al
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(2022) fed a pine biochar to growing beef steers (0.8% of diet DM) for 77 days then
transitioning to a high concentrate diet for 111 days (1% of diet DM). Overall, dry matter
intake was numerically lower for the biochar supplemented steers (P = 0.23) during the
growing phase but was found significantly lower (P < 0.01) during the finishing high
concentrate phase. Sperber et al. (2022) results are contradictory to results from
experiment 1 and 2. Sperber et al. (2022) observed biochar cattle had a decrease in DMI,
lower average daily gain (ADG; P = 0.02), a 3.2% reduction in feed efficiency (G:F; P =
0.22) , and a tendency for a decreased hot carcass weight (HCW; P = 0.10). Terry et al.
(2019a) observed similar results in a finishing barley grain diet having an overall ADG
and HCW numerical decrease as the inclusion of yellow pine biochar was increased to
0.5%, 1%, or 2% of diet DM. Contrary to previous work and these experiments, Leng et
al (2012a) found the addition of biochar increased ADG by 25% and improved G:F (P =
0.03). The positive impact on performance by Leng et al. (2012a) was likely attributed to
the biochar binding mycotoxins in the cassava root meal.

Emissions Results: CH4 and CO2
Experiment 1
In experiment 1, the DMI calculated during the time spent in the emissions barns
was 11.2 kg/d for the control treatment cattle and 11.4 kg/d for the biochar treatment
cattle (P = 0.81; Table 2.2). Monitored gas emissions of CH4 (g/d), control cattle emitted
141.4 g/d of CH4, while the biochar cattle emitted 144.2 g/d, were not statistically
different among treatments (P ≥ 0.76; Table 2.3). Both treatments produced the same
amount of CH4 as g/kg of DMI at 13.0 g/kg (P = 0.88).
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No statistical differences were observed for CO2 emissions between cattle fed no
biochar or fed biochar in the diet (P ≥ 0.88; Table 2.2). Carbon dioxide emissions for the
control treatment were 5,245 g/d and the biochar treatment at 5,210 g/d (P = 0.94).
Similar results were observed for CO2 evaluated as g/kg of DMI. The control fed cattle
emitted 484 g/kg of DMI compared to biochar fed cattle at 481 g/kg DMI (P = 0.88).
Overall, total gas emissions monitored were found not statistically different in experiment
1 (P ≥ 0.76).
Experiment 2
Methane was not statistically different between treatments as g/d or g/kg of DMI
(P ≥ 0.78; Table 2.4). Biochar treatment cattle had a DMI of 12.4 kg/d and the control
treatment at 12.3 kg/d, not differing statistically (P = 0.91; Table 2.4). Cattle fed the
control diet emitted 191.8 g/d of CH4 while cattle fed the biochar diet emitted 193.1 g/d
(P = 0.78). Control diet cattle produced 15.9 g/kg DMI of CH4 and the biochar diet cattle
at 15.7 g/kg DMI (P = 0.84).
Carbon dioxide emissions were not statistically different between treatments as
g/d or g/kg of DMI (P ≥ 0.50; Table 2.4). Cattle fed the control diet emitted 4,676 g/d
CO2, while biochar cattle emitted 4,213 g/d CO2 (P = 0.50). Similar results for CO2
expressed as g/kg of DMI were observed. The control treatment emitted 384 g/kg of DMI
and the biochar treatment at 341 g/kg of DMI, both statistically equivalent (P = 0.52). In
total, CH4 and CO2 emissions were statistically the same when comparing control fed
cattle and biochar fed cattle.
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Discussion
Research conducted in Canada by Conlin et al. (2021) using 8 multiparous beef
cows and C-Lock GreenFeed trailers (C-Lock Inc., Rapid City, SD, USA) estimated
enteric gas emissions of CH4 and CO2, both on an individual g/d basis and g/kg of DMI.
The addition of pine sourced biochar at inclusion levels of 0, 1%, 2%, and 3% of diet DM
did not result in differences in CH4 as g/d and g/kg DM (P ≥ 0.44), or CO2 as g/d and
g/kg DM (P ≥ 0.28). Treatments were also analyzed for gas emissions as no biochar
inclusion versus biochar inclusion, resulting in similar findings for both CH4 (P ≥ 0.47)
and CO2 (P ≥ 0.29). The results observed in experiment 1 and experiment 2 were similar
to Conlin et al. (2021), concluding methane and carbon dioxide production were
unaffected when biochar was added to a beef cattle diet.
Similarly, a headbox calorimetry experiment utilizing 6 growing steers was
conducted by Winders et al. (2019) evaluating pine biochar at varying inclusion levels of
0, 0.8% and 3% diet DM. The growing diet was a forage based with brome hay, wheat
straw, and corn silage. A finishing diet comprised of primarily dry rolled corn, corn
silage and wet distillers grains plus solubles was also evaluated. During the growing diet
phase, production of methane (g/d) was not different between treatments, but at the 0.8%
inclusion of biochar there was a quadratic tendency for a decrease in CH4 production (P =
0.14), thus improving emission output compared to the 0% and 3% inclusions. During the
finishing phase, treatments were analyzed as no biochar (0%) versus biochar (0.8% and
3%). There were no statistical differences of emissions between treatments, but CH4
production (g/d and g/kg DMI) was reduced by 9.9% and 18.4% respectively for the
0.8% biochar treatment. Carbon dioxide production was significantly reduced (P ≤ 0.03)
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when expressed as g/d and g/kg of DMI compared to 0% biochar inclusion. Based on
these results, the authors concluded a pine wood waste biochar fed at 0.8% inclusion
could have emission reduction potential in beef cattle and should be evaluated on a larger
production scale, which was done by Sperber et al. (2022).
Sperber et al. (2022) used a pine sourced biochar fed at 0% and 1% diet DM in
both growing and finishing phases. Emissions were captured using a respiration
calorimetry barn. Methane and CO2 expressed as g/d or g/kg of DMI were not impacted
between cattle fed a diet with biochar or no biochar. Terry et al. (2019a) conducted an
experiment offering a barley silage and grain backgrounding diet to 8 cannulated Angus
heifers. A pine sourced biochar was included at 0, 0.5, 1 and 2% of the diet DM. Cattle
that consumed a diet containing biochar and without biochar emitted the same amount of
CH4 expressed as g/d or g/kg of DMI (P = 0.43). Methane converted to kg CO2
equivalence/d was found not different between treatments (P = 0.61).
These experiments all demonstrated no statistical decreases in methane
production when biochar was added to forage and concentrate based diets fed to typical
Northern American cattle. To date, Leng et al. (2012a) is the only author to statistically
report a 22% decrease in CH4 production. In the experiment conducted by Leng et al.
(2012a) Bos indicus cattle were fed a cassava root-based diet with rice husk biochar
included at 0.62% diet DM. Using the headbox collection method, emissions were
captured for 5 minutes using Gasmet equipment. While this experiment did show a
reduction in gas emissions, only one measurement was taken at the conclusion of the
experiment. The research by Conlin et al. (2021), Sperber et al. (2022) and Winders et al.
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(2019) all captured emissions at various timepoints throughout their experiments
providing repeatable measures.
There are many challenges in comparing results across experiments. Breed of
cattle may have an influence on CH4 reduction, as Leng et al. (2012) used cattle native to
Southeastern Asia which are greatly different than Bos Taurus cattle found predominately
in Canada and Northern Great Plains of the U.S. The type of collection method can also
influence emissions captured. Whole animal respiration calorimetry accounts for total
emissions produced and feed intake by an animal, with a monitoring event generally
lasting for several days. Short-term measurements are brief moments in time and can be
variable depending on collection time relative to feeding and diurnal variation, as feed
intake is the main driver in CH4 production. The source of biochar is also unique to each
experiment. Each biochar evaluated has different physical and chemical properties, such
as carbon content, surface area, and bulk density, which are all potential factors
contributing to differences in gas emissions and performance results among experiments.
The optimum biochar inclusion to decrease enteric gas emissions is still unknown as
previous research has evaluated levels from 0.5% to 3% of diet DM observing consistent
results of biochar having no effect on gas reduction in beef cattle. The initial theory
behind biochar’s mechanism was ruminal gas would be adsorbed when biochar was
added into the diet. Based on previous research, that theory has shifted with evidence
supporting potential improved microbial growth and colonization by indirectly increasing
surface area used for biofilm formation (Leng, 2014). Overall, repeatability is needed for
biochar to be classified as an effective emission reducing feed additive.
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Based on the review of literature and results from experiment 1 and experiment 2,
pistachio shell or pine-sourced biochar included at 1% of diet DM in high concentrate
finishing diets did not impact eructated CH4 or respired CO2, animal performance, or
carcass characteristics of finishing beef cattle.
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Table 2-1. Diet composition (% of DM) fed to finishing steers (190 days on feed) in
Exp. 1.
Ingredient, %
Dry-rolled corn
High moisture corn
Modified distillers grains plus
solubles
Ground cornstalks
Biochar – pistachio shells1
Supplement
Fine ground corn
Limestone
Tallow
Urea
Salt
Trace mineral premix
Vitamin ADE
Rumensin-902
Tylan-403
Nutrient Analysis, %
DM
OM
Crude Protein
Neutral Detergent Fiber
1

Control
35
35
20

Biochar
34.5
34.5
20

5
-5
2.312
1.670
0.125
0.500
0.300
0.050
0.015
0.017
0.011

5
1
5
2.312
1.670
0.125
0.500
0.300
0.050
0.015
0.017
0.011

66.6
92.6
13.5
22.8

66.7
92.7
13.5
23.7

Pistachio shell biochar provided by VGrid Energy Systems Inc. (San Pablo, CA); displaced corn blend
by 1% of diet DM
2
Supplement formulated to provide 33.7 mg/kg of Rumensin® (Elanco Animal Health, DM basis)
3
Supplement formulated to provide 9.7 mg/kg of Tylan® (Elanco Animal Health, DM basis)
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Table 2-2. Diet composition (% of DM) fed to finishing steers (141 days on feed) in
Exp. 2.
Ingredient, %
Dry-rolled corn
High moisture corn
Sweet Bran1
Corn silage
Biochar – wood2
Supplement
Fine ground corn
Limestone
Tallow
Salt
Trace mineral premix
Vitamin ADE
Rumensin-903
Tylan-404
Nutrient Analysis, %
DM
OM
Crude Protein
Neutral Detergent Fiber
1

CON2
20
20
40
15
-5
2.882
1.600
0.125
0.300
0.050
0.015
0.017
0.011
63.5
92.1
13.5
25.6

BIO2
19.5
19.5
40
15
1
5
2.882
1.600
0.125
0.300
0.050
0.015
0.017
0.011
63.6
92.0
13.5
26.5

Sweet Bran = branded wet corn gluten feed (Cargill Wet Milling, Blair, NE)
Ponderosa pine wood biochar provided by Vital Ag. (Bellwood, NE); displaced corn blend by 1% of
diet DM
3
Supplement formulated to provide 33.7 mg/kg of Rumensin ® (Elanco Animal Health, DM basis)
4
Supplement formulated to provide 9.7 mg/kg of Tylan ® (Elanco Animal Health, DM basis)
2
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Table 2-3. Biochar supplementation effect on performance and emissions of finishing
beef cattle (Exp. 1)
Treatment1
CON1
BIO1

SEM
P- value
Performance
Initial BW, kg
329
328
0.44
0.52
Final BW, kg2
683
689
4.38
0.36
Dry Matter Intake, kg/d
11.4
11.5
0.13
0.61
Average Daily Gain, kg
1.86
1.89
0.049
0.31
Gain:Feed
0.161
0.162
0.001
0.73
NEm, Mcal/kg
1.92
1.92
0.003
0.78
NEg, Mcal/kg
1.27
1.27
0.002
0.78
Carcass Characteristics
HCW, kg
431
434
2.76
0.36
2
LM area, cm
95.5
95.5
1.28
0.90
12th rib fat thickness, cm
1.67
1.52
0.08
0.20
3
Marbling score
529
514
11.8
0.45
Calculated yield grade4
3.63
3.49
0.074
0.22
Daily Emissions, on a per animal basis
Dry Matter Intake, kg/d5
11.2
11.4
0.82
0.81
CH4, g/day
141.4
144.2
5.80
0.76
CH4, g/kg of DMI
13.0
13.0
0.84
0.88
CO2, g/day
5245
5210
314.6
0.94
CO2, g/kg of DMI
484
481
14.7
0.88
1
Treatments included cattle fed a control diet or 1% biochar replacing corn in the diet.
2
Final BW calculated from Hot Carcass Weight (HCW) with a standard 63% dress.
3
Marbling score 300 = slight, 400 = Small, 500 = Modest, 600 = Moderate
4
Calculated yield grade = 2.50 + (0.98425 × 12th rib fat, cm) + (0.2 × 2.5 KPH%) +
0.00837 × HCW, kg) – (0.0496 × LM area, cm2)
5
Dry matter intake (DMI) during a 5-day collection period in the emission barn and
used to calculate emissions per kg of feed intake.
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Table 2.4. Biochar supplementation effect on performance and emissions of finishing
beef cattle (Exp. 2)
Treatment1
CON2
BIO2

SEM
P- value
Performance
Initial BW, kg
386
386
0.36
0.39
Final BW, kg2
690
686
4.25
0.47
Dry Matter Intake, kg/d
14.1
14.1
0.162
0.43
Average Daily Gain, kg
2.16
2.12
0.030
0.36
Gain:Feed
0.157
0.154
0.002
0.23
NEm, Mcal/kg
1.83
1.81
0.003
0.29
NEg, Mcal/kg
1.19
1.17
0.003
0.29
Carcass Characteristics
HCW, kg
435
432
2.68
0.47
2
LM area, cm
94.2
94.2
1.50
0.84
12th rib fat thickness, cm
1.75
1.68
0.066
0.45
3
Marbling score
566
576
17.4
0.68
Calculated yield grade4
3.65
3.65
0.078
0.97
Daily Emissions, on a per animal basis
Dry Matter Intake, kg/d5
12.3
12.4
0.463
0.91
CH4, g/day
191.8
193.1
3.09
0.78
CH4, g/kg of DMI
15.9
15.7
1.65
0.84
CO2, g/day
4676
4213
461.7
0.50
CO2, g/kg of DMI
384
341
45.3
0.52
1
Treatments included cattle fed a control diet or 1% biochar replacing corn in the diet.
2
Final BW calculated from Hot Carcass Weight (HCW) with a standard 63% dress.
3
Marbling score 300 = slight, 400 = Small, 500 = Modest, 600 = Moderate
4
Calculated yield grade =2.50 + (0.98425 × 12th rib fat, cm) + (0.2 × 2.5 KPH%) +
0.00837 × HCW, kg) – (0.0496 × LM area, cm2)
5
Dry matter intake (DMI) used to calculate weekly average emissions during a 5-day
collection period in the emission barn
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Abstract
Extensive grazing systems often vary in pasture size and terrain, making it
challenging for ranchers to accurately locate livestock through visual appraisal. Using
satellite-based global positioning systems (GPS), accurate position data can be provided
to track animal movements that could inform grazing management decisions. This study
aims to 1) assess two modern GPS devices for functionality by calculating fix success
rate, and 2) evaluate the relationship between average daily distance traveled and average
daily weight gain (ADG) performance on yearling steers grazing smooth bromegrass
pasture using the GPS devices.
Twenty-five yearling steers grazed a 10.8-ha smooth bromegrass pasture for 156
days from May to September 2021. The temperature ranged from 4.1 to 38.8ºC with an
average 22.7ºC and received 490 mm of rainfall. Each steer was assigned two GPS
collars for 28 days to compare two types of sensors. The sensors evaluated were i-gotU
GT-600 travel loggers (GU) and Yabby LoRaWAN GPS sensors (YB) utilizing the IoT
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(Internet of Things) technology. The YB sensor possessed real-time monitoring and
remote data access, while data from the GU sensor needed to be removed from the
animals and manually downloaded. The YB sensors had a manufacturer declared finest
positioning accuracy of 4.6 m, while that of the GU sensor being 9.1 m. With a 10-min
sampling rate, battery life of the YB sensors lasted 4 weeks, while the GU sensors
demonstrated unreliable battery performance that ranged between 1 to 4 weeks. Fixed
success rate (FSR) was calculated for each sensor. Using PROC TTEST of SAS (v 9.4),
on average the GU sensors had a 67.1% FSR and the YB sensors observed an 89.9% FSR
(P < 0.01). The YB sensor had greater battery life and FSR than the GU sensor, thus was
utilized throughout the duration of the grazing season. Individual animal traveled distance
was calculated after converting the GPS coordinates in decimal degrees to Universal
Transverse Mercator coordinates (WGS 1984 UTM zone 14N) in meters. The Euclidean
distance between consecutive coordinates was calculated and summed daily to represent
animals’ daily traveled distance. Using all coordinates recorded from YB, steers traveled
2,673 ± 117 m/d. Cattle ADG during the grazing season was 0.65 ± 0.13 kg/d. Statistical
analysis was conducted using PROC CORR of SAS to determine the correlation between
the daily averages of distance traveled and ADG. All values were considered significant
α ≤ 0.05. There was no correlation observed between distance traveled and ADG (P ≥
0.52). Results demonstrate that modern GPS sensors utilizing IoT technology have
benefits over traditional GPS sensors and can be used as a tool for extensive grazing
livestock tracking.

Keywords: GPS, grazing livestock, livestock tracking
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3.1 Introduction
Grazing livestock production utilizes over 25% of Earth’s land surface (Schieltz
et al, 2017). Rangeland topography is vast and variable in size depending on geographical
location. Often, rangeland is heterogenous in terrain and size (Bailey et al, 2004).
Specifically, this can present challenges on adequately knowing the location of livestock
grazing on native range (Bailey et al, 2015). Normal management practices and the time
spent searching for livestock can be added labor expenses (Bailey et al, 2018). To
improve management decisions and animal welfare, technology can provide farmers and
ranchers opportunities to further address these concerns (Aquilani et al., 2022).
A vital component on making effective rangeland management decisions is the
ability to understand and predict cattle grazing behavior. Using integrative and modern
tools, Precision Livestock Farming (PLF) can bridge the gap between the use of
technology and animal behavior. One definition of PLF is individual animal management
by continuous monitoring (Berckmans, 2017). Particularly for grazing animals,
continuous monitoring of livestock location can be achieved using global positioning
system devices (Berckmans, 2017).
Global positioning system (GPS) technology was introduced in the early 2000s
(Shen and Stopher, 2014) and has been used in various agricultural applications. Farmers
have proven the positive benefits of integrating GPS technology in their operations, such
as tractor guidance, planting, application rates, and yield mapping. Recently, livestock
producers are looking for ways to implement GPS technology to track cattle movement
patterns but also to monitor cattle behavior in correlation with field topography, pasture
management, and resource allocation (Bailey et al, 2021). The use of GPS technology can
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come at a financial cost. Depending on type, GPS devices can be purchased at relatively
low costs at $50-100 but can easily exceed well over $1,000 per unit. Price per unit can
reflect features, position precision, and accuracy.
Our goal was to utilize GPS technology in continuous monitoring during a
summer grazing period. The first objective of this experiment was to assess two different
GPS devices. Parameters of interest such as functionality, and fix success rate were
assessed on their ability to track grazing cattle. The second objective was to evaluate the
relationship between daily distance traveled (averaged across all days) and average daily
gain (ADG) of yearling steers grazing a smooth bromegrass pasture.

3.2 Materials and Methods
All animal care and management practices used in this experiment were approved
by the University of Nebraska-Lincoln Institutional Animal Care and Use Committee
(IACUC #1785).

3.2.1 Cattle Performance
A smooth bromegrass pasture located at the Eastern Nebraska Research Extension
and Education Center near Mead, NE has been annually grazed by yearling beef steers
starting in 2016. All livestock and pasture management practices have been applied in the
same manner for years following cattle grazing establishment.
Each year the grazing season begins in April and ends in September, averaging
152 days per grazing season (2016-2021). Prior to each grazing season in April, a
herbicide (Grazon, Dow AgroSciences LLC, Indianapolis, IN) is applied (0.95 L/ ha) to
the pasture for weed control and prevention. Nitrogen, in the form of urea, is surface
applied annually in April prior to the grazing season, targeting a rate of 90 kg/ha. Forage
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yield was determined by visually appraisal done on a weekly basis throughout the grazing
season. Stocking rate was calculated to achieve 0.43 ha/steer.
In the year 2021, a 156-day grazing experiment was conducted on a 10.8 ha
smooth bromegrass pasture using a continuously grazed management practice. Twentyfive crossbred yearling steers were utilized in a completely randomized design. Prior to
experiment initiation, cattle were limit fed a common diet at 2% body weight (BW)
comprised of 50% alfalfa hay and 50% Sweet Bran (Cargill Wet Milling; Blair, NE) for 5
consecutive days to equalize gastrointestinal fill (Watson et al., 2013). Steers were
weighed on three consecutive days (d -1, d 0, 1) in the mornings prior to feeding (Stock
et al., 1983) to establish an initial body weight by averaging the 3 days (BW = 320 kg;
SD = 4.71 kg) On d 1, steers were implanted with 40 mg of trenbolone acetate & 8 mg of
estradiol, (Revalor-G, Merck Animal Health; Summit, NJ) and poured with an insecticide
for external fly control (Clean-Up II, Elanco Animal Health, Greenfield, IN). A mineral
supplement comprised of salt, calcium, zinc, manganese, cobalt, iodine, copper and
selenium was provided ad-libitum for the duration of the experiment. The amount of
forage available to the steers influenced the duration of the grazing season. The length of
grazing season was determined by totaling the number of days cattle were actively
grazing on the pasture (end date – start date).
After the grazing season ceased, steers were brought into pens and fed the same
limit fed diet at 2% BW for 7 days and weighed for 3 consecutive days to determine
ending BW. To account for weight gained during the 7-day limit feeding, each day was
considered 0.454 kg of BW gained. The total weight gained (2.27, 2.72, 3.18 kg) was
subtracted from the 3 consecutive weights then averaged to get ending BW. Total BW
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gained was calculated by subtracting the initial BW from the ending BW. To calculate
the average daily gain (ADG) of body weight, the total BW gained is divided by the
length of grazing days.

3.2.2 GPS Sensors
Steers grazing on smooth bromegrass pasture were used as a vehicle of motion to
record latitude and longitude coordinates comparing two different types of GPS units
during a 28-day period. Each sensor will be described in detail in each of the following:
size, functionality, features, software, battery life and economic cost. At the end of the
28-day period, the two GPS sensors were comparatively evaluated for sensor
performance, and the best performing sensor was selected for locating cattle during the
rest of the grazing period.
The first GPS sensor evaluated was an i-gotU GT-600 travel logger (Mobile
Action Technology, Inc., Taiwan). The GPS logger dimensions are 46 mm x 41.5 mm x
14 mm (Figure 3-1) and weighs approximately 37 g (without batteries). The data logger
utilizes a built-in SiRF StarIII low-power chipset and an onsite memory of 64MB or up to
262,000 geolocation records. The manufacturer reported mean location fix accuracy
ranges between 9.1 and 10.7 m.
The battery consists of a built-in 750 mAh lithium-ion battery, which reports to a
battery life of 240 hr with a sampling rate of 120 sec to 2 hr. To ensure a longer battery
life sufficient to support the monitoring task, customizations were made to increase
battery life by adding an additional six 3.7 lithium-ion rechargeable batteries
(Tenergy®Silicon Valley, California; Figure 3-1). After adding the battery bank, the
package weighed approximately 315 g. Electronic customizations were made to connect
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the power bank to the GPS logger’s power input. Prior to monitoring use, the logger
batteries were continuously charged for 4 days, and battery life longevity was evaluated
by observing how long the logger would record from the initial turn-on time with a 10minute fixing rate until the battery was unable to supply enough power to record data at a
stationary location. The longevity of the battery is variable and dependent on the fixing
rate (specified sampling rate). Set at a 10-minute interval, the overall battery life of the igotU GT-600 travel loggers lasted approximately four weeks based on observational test,
with non-uniform battery performance among different loggers. Other capabilities the
travel logger provided but were not considered included distance traveled, elevation, and
rate of speed. To access the i-gotU GT-600 travel logger data, the logger needs to be
retrieved from the steer. The GPS logger was unpackaged from the plastic housing. The
sensor supplied @trip PC software was downloaded to a laptop (PC) with Windows
operational system. The GPS logger was connected to the PC using a Universal Serial
Bus (USB) connection accessing the stored data. All data retrieved were saved to the PC.
After the data retrieval process, all loggers needed to be fully charged (4 d) and checked
for proper function before the next intended use.
The second sensor observed was a low-power GPS asset tracking device with the
IoT (Internet of Things) technology (Yabby LoRaWAN, Digital Matter, Atlanta, GA,
USA) that utilizes the long-range and wide-area network (LoRaWAN) communication
protocol (Figure 3-2). The dimensions of this unit are 85 mm x 63 mm x 24 mm and
weighs approximately 80 g (batteries included. It operates using 3 × AAA commercially
available lithium-ion batteries and has a configurable location fix accuracy between 4.6
m to 19.8 m. The manufacturer reported battery life at once-daily position updates was up
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to three years. However, given the monitoring tasks this study entail, the fix accuracy and
designated fix interval dictates the battery longevity. The battery longevity was evaluated
prior to initial use and set at the same time interval of 10 minutes while the fix accuracy
was set at 6.1 m. With these configurations, the battery longevity was determined from
the time that the batteries were inserted into the sensor until the point of which data
started to transmit intermittently or no longer recording. Overall, the battery of the Yabby
LoRaWAN GPS sensors lasted approximately 5 weeks, with most sensors lasting over 4
weeks.
To establish a proper communication network essential to the LoRaWAN
protocol, an industrial LoRaWAN gateway base station (MTCDTIP-266A, Multi-Tech
Systems, Inc., Mounds View, MN, USA) was set up to create a local LoRaWAN network
at the pasture (Figure 3-3). The gateway was mounted on a customized pole,
approximately 2.3 m to 2.4 m from the ground for better LoRaWAN signal strength.
Ethernet backhaul was utilized to splice the gateway into the network switch and
mounted at the feed mill. The distance between the pasture and the network switch was
approximately 1706 m. US-915 frequency band (902-928 MHz, 26MHz available for
transmission) was selected as the LoRa channel plan. Once the base station was set up
with local LoRaWAN network, the gateway had the capacity to cover a 10-mile radius
with minimal data retrieval, and reliable data retrieval within a 3-mile radius coverage
range.
The data of the Yabby LoRaWAN GPS sensors can be accessed remotely at a
desired rate (from an hour to up to 10 days) without removing the collars from the steers.
The sensors were managed daily for functionality by visual appraisal through the
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manufacturer’s online IoT platform subscription. The software platform provided the
location of each individual sensor’s last recorded location and current battery voltage.
Figure 3-4 provides a real-time screenshot of a day-long historical record of the steer’s
location and its traveling path. For this study, daily sensor performance was monitored,
and all data retrieved from the platform were downloaded by day and organized by sensor
(steer).
The GPS sensors under observation were individually placed inside a square
plastic housing. Before placement into the case, the GPS sensor was turned on and
assessed for proper function. Once the sensor was inserted into the plastic housing, foam
cushion squares were placed on each end of the plastic housing and duct tape was used to
seal the plastic housing from weather elements. To visually distinguish the type of GPS
sensor in the plastic housing, each sensor was designated a duct tape color: either green
(i-gotU) or pink (Yabby). The plastic housings were tightly fastened to a collar made
from polymer material. Each steer was assigned randomly a collar using an i-gotU GT600 data logger (Mobile Action Technology, Inc., Taiwan) and a Yabby LoRaWAN GPS
unit (Digital Matter, Atlanta, GA). The two collars were placed around the neck of the
steer and fitted to ensure normal grazing behavior would not be hindered (Figure 3-5).
Both collars remained on the steer for a recording period of 28 days.

3.2.3 GPS Sensor Performance
3.2.3.1 Fix Success Rate
Each GPS sensor was individually assessed for fix success rate starting on April
29th and ending May 26th, 2021, for a total of 28 days. One i-gotU GPS sensor
operationally failed from experiment initiation. The Yabby LoRaWAN GPS sensor and
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the failed i-gotU GPS were omitted, leaving 24 pair of comparable units. The i-gotU data
logger was set at sampling rate of 10 minutes. In a 24-hr period, each sensor should
provide 144 data entries (6 entries X 24 h). The LoRaWAN GPS time interval was
programed for every 5 minutes. In a 24-hr period, each sensor should provide 144 data
entries (6 entries × 24 h). The LoRaWAN GPS time interval was programed for every 5
minutes, recording 288 data entries for a 24-hour period. Data entries recorded were
totaled for each day and each GPS device. Regardless of GPS device used, the first and
last data entry recorded was omitted in final entries per day. This was done to ensure
recorded fixes were assigned to the correct date, omitting any fixes between 11:59:00 pm
and 11:59:59 pm. Based on the designated time interval, the FSR calculation consisted of
the total possible entries divided by the recorded entries per day. The following provides
the calculations in mathematical form used to calculate i-gotU data logger FSR. The
LoRaWAN GPS retrieval rate was calculated the same but using 288 total data entries
possible for a 24-hour period.
Example:
Total Data Entries Possible = 144
Total Data Entries Recorded = 135
Omit Two Total Data Entries Possible = - 2
135 entries – 2 entries = 133 recorded entries per day
133 entries remaining / 144 total possible entries
= 0.923
= 92.3% fix success rate (1 day; repeated 28 days for all GPS
sensors)

After fix success rates were calculated for each sensor by day, a statistical
analysis was conducted using the PROC TTEST procedure of SAS (SAS institute, Inc.,
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Cary, N.C.) to compare the mean FSR between the two GPS sensors. All values were
considered significant α ≤ 0.05. A box-whisker plot (Figure 3-6) was created for the SFR
obtained from the two different GPS sensors to depict their functionality regarding the
FSR during the 28-d period.
After the end of the first 28 days period, both collars were removed from each
steer. The GPS sensor performance in terms of battery life, data retrieval success rate,
and coordinate deviations between the two sets of sensors, was comparatively assessed.
The best performing GPS sensor was installed with new batteries and inserted back into
their plastic housing and placed back on its assigned steer. The same collar and GPS unit
remained paired and used on the same steer for the remainder of the experiment. Battery
replacements were scheduled every 5 weeks until the grazing season ceased. On battery
replacement days the collars were removed, batteries replaced, and collars placed on the
steers the same day.

3.2.4 Grazing Characteristics
3.2.4.1 Distance Traveled
In general, distance is calculated assuming a linear pathway, but this is not
realistic for cattle as they wander (McGavin et al., 2018). To justify the distance
calculation for continuous movement, the Euclidean distance between two consecutive
GPS coordinates was calculated for each steer, from which the accumulated distance was
summed from the calculated travel distance from consecutive coordinates and total days
grazed.
The GPS coordinates, often in forms of latitudes/longitudes or degrees, do not
represent a linear distance. Rather, they are spherical coordinates describing angular
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coordinates on a globe (i.e., the Earth). To transform the GPS recorded geographic
coordinates from a globes 3D ellipsoid to a plane 2D surface, the widely used World
Geodetic System 84 (WGS84 Datum) was used as the geographic coordinate system
input (EPSG:4326) with the Universal Transverse Mercator (UTM) Zone 14N projection
output (EPSG:32614) identified to reflect the experiment pasture location. After
transformation, the latitudes/longitudes are projected to XY coordinates, where the
latitude is denoted by Y (Northing) and the longitude is denoted by X (Easting). The
Euclidean distance between the consecutive easting-northing pairs is used to represent the
traveled distance between two consecutive GPS coordinates and is expressed in Equation
1.
𝑑 = √(𝐸1 − 𝐸2 )2 + (𝑁1 − 𝑁2 )2
where,
𝑑 is the Euclidean distance, representing the distance between two consecutive GPS
coordinates, in meters, 𝐸1 and 𝐸2 are the UTM projected easting coordinates of two
consecutive GPS reported longitudes, in meters, and 𝑁1 and 𝑁2 are the UTM projected
northing coordinates of two consecutive GPS reported latitudes, in meters.
Over the course of the 156 days cattle spent grazing, 136 days were considered
viable days due to internet connectivity issues beyond functionality of the GPS sensors.
Thus, 20 days were omitted from the experiment. The coordinate transformation and
Euclidean distance processing were conducted using the open-access Python
programming language and its open-resource library pyproj.
3.2.4.2 Average Distance Traveled vs. ADG
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Statistical analysis was completed using the PROC CORR procedure of SAS
(SAS institute, Inc., Cary, N.C.). A linear regression was performed to determine the
strength of the relationship between the daily averages of distance traveled and ADG. All
values were considered significant α ≤ 0.05.
3.2.4.3 Pasture Density Map
A point density map (Figure 3-7) was generated using the YB GPS devices for the
full grazing season duration to illustrate the frequencies of cattle location within the
pasture boundaries. The density map was generated using ArcGIS Pro (Esri, Redlands,
CA) and the auto scale feature. Each grey dot represents a GPS coordinate recorded from
cattle visits where more points indicate the location being visited more by the cattle. The
accumulated number of points were then used to calculate the density of the
neighborhood (visited area), from which color gradients are generated to distinguish the
visiting frequency in a certain area. The lighter shading represents low density areas,
while bluer shading represents areas of high density.

3.3 Results and Discussion
3.3.1 Cattle Performance Results
Over the course of the 156-d grazing season, cattle ADG was 0.65 ± 0.13 kg/d.
Over the period of 5 consecutive years, Watson et al. (2012) utilized 45 yearling
crossbred steers grazing smooth bromegrass pasture in a randomized complete block
design with three allotted treatments. Specifically, the control treatment pastures were on
average 0.48 ha and the fertilized treatment 0.33 ha in size, both received an application
of herbicide for weed control while the fertilized treatment received 90 kg N/ha.
Although they were rotationally grazed, the control cattle gained 110 kg of BW with an
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ADG of 0.68 kg/d and the fertilized cattle gained 109 kg of BW gaining 0.68 kg/d. This
is in close comparison to the current experiment’s ADG for the same research center
(within 1 km of the research site in the current study). Lomas et al. (2009) reported a 0.74
kg/d ADG in steers grazing smooth bromegrass in a non-supplemented system in Kansas.
A metanalysis conducted by Griffin et al. (2012) evaluated 7 experiments using cool
season (smooth bromegrass), warm season, and mixed cool season grasses. Both steers
and heifers were used in these various experiments, averaging 0.67 kg/d. Supplementing
distillers grains to cattle at 1.0 % BW can increase ADG (kg) between 0.93 and 1.01 kg/d
(Griffin et al., 2012).

3.3.2 Sensor Performance Evaluation Results
3.3.2.1 Fix Success Rate
After calculating the FSR for both the i-gotU GT-600 GPS sensor and the Yabby
LoRaWan GPS sensor, the sensor with a daily value closest to 100 (representing 100%
retrieval recovery) was selected based off the most recorded GPS coordinates. The FSRs
are shown in Figure (3.6). The Yabby LoRaWan GPS sensor exhibited a 89.9% fix
success rate, thus was deemed superior (P ≤ 0.01) over the i-gotU GT-600 GPS sensor
with a 67.1% (SD = 21.3) FSR. Ganskopp and Bohnert, (2009) fitted twelve Lotek GPS
collars (Lotek Engineering Inc., Newmarket, ON, Canada) on grazing cows for 15 days.
Sampling interval was set to record a location every 5 minutes, having a maximum of 288
recordings possible per day. Similar to our results, Ganskopp and Bohnert (2009) found a
fixed success rate of 90.1% for all 12 sensors.
A few studies have been conducted to evaluate the FSR from stationary GPS
sensors with no animal movement. Morris and Conner (2017) evaluated i–gotU GT–120
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loggers with no cover, and degree of covering using 1 or 2 wooden lattices placed over
the logger. FSR between treatments of no cover, 1 lattice and 2 lattices were not
statistically different, at 101.3%, 101.2% and 99.6% (P = 0.46). FSR rates were found
over 100% suggested the interval between recorded fixes were more frequent than the
programed fix interval. Recio et al. (2011) placed 5 stationary GPS sensors at 60 different
site locations 20 cm above ground level. A 15-minute fix interval was selected, and
monitoring was conducted for 24 periods. In conditions where sky visibility was high,
FSR declined as vegetation cover presence increased. Areas with no to little vegetation
had 100% FSR while heavy, dense forest cover experienced only a 37% FSR. Our
pasture experienced moderate vegetation from the forage present, but no excessive
coverage from trees, shrubs, etc. to experience a reduced FSR. The placement of the
collars was evaluated prior to experiment initiation, placed either on the side or
underneath the steer’s neck. The two placements did not interfere with the ability to
record a fix. Furthermore, FSR can be influenced by fix interval or potential vegetative
cover and should be taken into consideration to ensure sufficient data available.

3.3.3 Grazing Characteristics
3.3.3.1 Distance Traveled
The average daily distance traveled per yearling steer was 2,673 m/d (Figure 3-8).
The minimum average distance by individual steer was 2,450 m/d while the greatest
distance observed was 2,886 m/d. The distance traveled across the grazing season was
not different from the start to the end of the experiment (Figure 3-9), with cattle
averaging 2,720 ± 634 m/d. In generally, livestock graze in a herd formation. Stephenson
et al. (2016) found small herd sizes (≤ 40 cow/calf pairs) function as one grazing group.
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Large herd sizes (≥ 50 to 240 pairs) were more inclined to form multiple groups smaller
in size. Harris et al. (2007) when grazing in groups of 15 animals, cattle were located
between 50 m to 150 m of each other. The cattle herd consisted of 25 animals, deeming it
a small herd. Thus, it was surprising the average range of distance traveled was 405 m/d,
if they indeed stayed in a proximity of 50 m to 150 m to each other. The size of pasture
may also be a contributing factor. While the present experiment pasture was relatively
small in size, an experiment by Hart et al. (1993) found cattle traveled greater distances
in a large pasture (207.3 ha) compared to a small pasture (24.3 ha). On average, cattle in
the large pasture traveled 3800 m/d, while cattle in the small pasture traveled 2700 m/d.
Walker et al. (1985) reported cattle traveled 5800 m/d in a 248-ha pasture. Examining 10
experiments, McGavin et al. (2018) found a positive linear relationship between distance
traveled and pasture size. Increasing our pasture size likely would influence total distance
traveled.
Pasture characteristics, such as water source, forage availability, stocking rate and
terrain all can influence distance traveled in various environments (Rivero et al., 2021).
Water is the most important nutrient for animal performance. In extensive grazing
systems, water might not be freely available unlike intensive production systems such as
feedlots (Williams et al., 2017). Cattle tend to graze near water sources but ultimately
distance traveled depends on forage availability. In general, cattle will initially select
forage with greater quality (higher crude protein and less fiber content). In conditions
where forage is plentiful, smaller areas are explored resulting in shorter distances
traveled. Furthermore, when the forage concentration in these small areas diminishes, the
likelihood increases that cattle will travel a greater distance for preferred biomass
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(Barcella et al., 2016). The quantity of forage was visually appraised weekly to ensure the
pasture was able to sustain normal cattle intakes. An adequate stocking rate will also help
ensure pasture maintenance and prevent overgrazing. Lastly, terrain can influence
traveling distance. Cattle will graze gentle slopes with evenly distributed vegetation over
more rugged terrain with less uniform vegetation. Terrain is a predictor of grazing
distribution. In rugged terrain pastures, cattle will travel in routes exerting the least
amount of energy, whereas in gentle terrain they are more willing to travel to multiple
locations within a pasture (Bailey et al., 2015). In the current experiment elevation
change was not greater than 3.66 m, categorizing the pasture as little to no terrain.
An important characteristic of grazing is to not alter animal behavior. Collars
should not exceed more than 5% of an animal’s BW (Cuthill, 1991). The use of GPS
collars have mixed results on animal performance and behaviors as they could impede
feed intake, negatively impacting cattle performance, reproduction or milk production if
the device was not fitted properly to the animal. Blanc and Brelurut (1997) observed a
reduction in intake of grazing red deer, likely attributed to sensitivity of the collars placed
around their necks. However, Manning et al. (2017) stated grazing behaviors of cattle are
unaffected when wearing GPS collars. Our cattle behavior was visually assessed daily
with no signs indicating abnormal grazing tendencies were a concern.
3.3.3.2 Average Distance Traveled vs. ADG
On average, cattle traveled 2,673 m per day and gained 0.65 ± 13 kg/d (Figure 310). Using a linear regression model, there was no correlation between distance traveled
and ADG during the grazing season (P ≥ 0.52). The relationship between distance
traveled in correspondence to ADG is a novel approach, but other factors may be
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influencing this. Animal performance can also vary on year and breed of cattle. All prior
pasture and animal factors make it complex to truly assess if distance is correlated with
animal weight gain. Further research in this area should be explored and repeated for
pasture grazing systems. Given relatively small variation in distance traveled across days
(SD ± 634 m) and individuals (SD ± 117 m) , there is not a relationship to ADG and
distance for small, uniform pastures.
3.3.3.3 Pasture Density Map
A foundational principle of grazing management is understanding livestock
distribution (Vallentine, 2001). Often, livestock are grazing pastures with rugged terrain
and slope with varying vegetation availability. The pasture utilized in the current
experiment is unique, predominantly having minimal slope and homogenous vegetation
throughout the pasture. In the western part of the United States, uneven pastures presents
challenges having uneven grazing distributions (Bailey, 2005). It has been documented
grazing intensity is reduced in areas with steep slopes and influenced by the travel
distance to water (Mueggler et al., 1965). Low-moisture supplement blocks have also
been used to increase grazing distribution when forage quality and availability are low
and the access to water is limited (Bailey, 2004). Cattle are most likely to graze areas
with plentiful forage growth, minimal slope and close access to water (Bailey, 2004).
Similar tendencies were observed from the generated density plot in this experiment.
Overall, the grazing distribution observed was consistent except for two areas. The darker
shades of blue indicated more frequent time in that area. In this case, the designated areas
represented the water source and mineral blocks available ad-libitum. Although the
current experiment was consistent with uniform grazing, increasing grazing uniformity
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can potentially improve forage utilization and lengthen grazing periods (Tanaka et al.,
2007).

3.5 Conclusion
Tracking livestock with GPS can provide powerful information used as a grazing
management tool and to characterize grazing behaviors. However, as technology
continues to evolve using GPS, expenses are projected to decrease, and commercial use is
more readily available. For the purpose of this experiment, the Yabby LoRaWAN GPS
sensor had greater performance than the i-gotU GT-600 travel logger in functionality,
ability to access data using real-time monitoring and fix success rate. The further use of
GPS sensors results demonstrate that sensors utilizing IoT technology have benefits over
traditional GPS sensors and can be used as a tool for extensive grazing livestock tracking.
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Figure 3-1 The i- GT-600 GPS sensor with attached custom battery bank.

Customized
battery bank

i-gotU GT-600
GPS sensor

Figure 3-2 Each LoRaWAN Yabby GPS sensor was provided with a protective casing
using AAA lithium-ion batteries.
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Figure 3-3 LoRaWAN gateway base station mounted on a customized pole,
approximately 2.1m to 2.4 m from the ground to acquire maximum LoRaWAN signal
strength.
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Figure 3-4 One day-long history record of a steer’s location and its traveling path.
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Figure 3-5 Two GPS collars fitted for an individual steer. The color of collar
distinguished between each sensor: green (i-gotU) and pink (yabby).
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Fix Success Rate (%)

Figure 3-6 Box-whisker plot for 28 days comparing the fixed success rate between the igotU and Yabby sensors. Fixed success rates observed were 67.1 ± 21.3% (i-gotU) and
89.9 ± 20.7% (Yabby). An interquartile range 1.5IQR was used to define outliers.
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Figure 3-7 A density map using the LoRaWAN GPS devices illustrating areas of
frequently traveled (156 d) using color gradients. The lighter shading represents low
density areas, while blue shading represents areas of higher density.
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Figure 3-8 Steers on average traveled 2,673 ± 117 m on a per day basis (156 d).
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Figure 3-9 The average daily distance traveled by steers according to date (156 d).
Average 2,721 ± 634 m
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Figure 3-10 Correlation of average daily distance vs. ADG for 156 d grazing season
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